ABSTRACT
Investigation of Organic Dyes for Dye-Sensitized and Organic Solar Cell Applications
Andrew Gregory Smith, Ph.D.

Mentor: Kevin L. Shuford, Ph.D.

Theoretical chemistry can be a driving force for experimentalists. Using computer
software, molecules can be easily changed and studied, which can save experimentalists
on laboratory costs and time. This work focuses on the organic dyes in dye-sensitized and
organic solar cells. More specifically, the changes in fundamental properties such as
molecular orbital energies, absorption spectra, and electronic coupling are studied upon
heteroatom substitution using density functional theory.

In Chapter Three, the changes in the properties of the D5 organic dye were studied
upon heteroatom substitution for sulfur in the thiophene n-bridge. Sulfur was substituted
for pnictogens, chalcogens, and various other elements in the second row of the periodic
table. Dyes were adsorbed to (TiO2)16 and all substitutions besides boron had favorable
electron injections. It was found that the larger elements reduce the HOMO-LUMO gap,
red shift the absorption spectrum, increase the dipole moment and are energetically
favorable for electron injection.

In Chapter Four, the impact the n-bridge had on the photovoltaic and charge transfer

parameters of an organic photovoltaic was studied. Calculations were performed on a



variety of heteroatom substituted bridge units in both fused and unfused perylene diimide
(PDI) dimers to directly compare with the previously studied thiophene bridge unit. Fused
systems exhibit an improved charge transfer ratio compared to unfused systems, decreased
reorganization energy, and had more favorable Gibbs free energies.

The results of Chapter Three and Chapter Four led to asking how multiple
heteroatom substitutions would affect the dye molecules. Chapter Five investigates the
effects of substituting two heteroatoms, one chalcogen and one pnictogen, into the PDI
bay-region by the creation of a five-membered ring. A handful of the combinations were
nonplanar, which shows promise for organic solar cell (OSC) applications. All
combinations using oxygen for the silicon-bridged system had absorption spectra almost
covering the entire visible light region. For the charge transfer properties, the main trend
observed was the charge transfer ratio, which increased by a minimum of about 10* s’!

when moving along the period of the periodic table.
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CHAPTER ONE

Introduction

1.1 The Need for Renewable Energy

In 2003, Richard E. Smalley, who won the Nobel Prize in Chemistry in 1996 for
the discovery of buckminsterfullerene, stated that energy will be the number one problem
for humanity over the next 50 years. Society will be facing an energy crisis due to the
gradual depletion of fossil fuels and the increasing energy demand to support economic
growth.! By 2040 the global energy consumption is estimated to increase by 28%, due to
growth in both world population and economy.? Currently, about 81% of consumed energy
in the United States is from non-renewable energy sources, which includes coal, petroleum
and natural gas, and around 10% is from renewable energy, with the rest being from nuclear
power.? At some point these sources will become depleted, leaving a major deficit, and is
why renewable sources of energy are the future. There are several ways energy is generated
using renewable, or ‘green’ methods, including: hydroelectric, biomass, wind, solar, and
geothermal. Out of all these sources, solar only accounted for 6% of the renewable energy
generated in the United States in 2017.% The total solar energy absorbed by the earth in an
hour, was more than the world used in all of 2002. In 2000, the world energy assessment
estimated that at a minimum, which accounts for cloud cover, available land area, etc.,
there is 1575 exajoules (EJ) of solar energy available to harness.* In 2015, the world only

consumed 393 EJ.°



There has been a massive push to improve the capabilities of these renewable
methods, probably the most popular being solar power. There are many different
classifications of solar cells, the most well-established being crystalline silicon, multi-
junction and thin-film, which have been constantly improved since the mid-1970’s. These
are all solid-state systems and involve a semiconductor absorber which produces an
electron-hole pair, which is then separated by an electric field. However, the crux of this
cell architecture is the high cost of materials and manufacturing, which has led to most
research being dedicated to finding cheaper and more efficient ways to harvest solar
energy. This has been done through innovation of the cell architecture, and also the creation

of new materials that are both cheaper and more efficient.

1.2 Evolution of Solar Power

Electricity can be generated from sunlight in two ways: solar thermal technology
and photovoltaics. Solar thermal technology utilizes mirrors to focus sunlight and heat up
water to create steam, which then passes through a turbine to generate power. By no means
is this is a new technology. French inventor Augustin Mouchet looked into alternative
energy sources back in the late-19™ century from believing that the coal would run out, and
debuted a solar engine in 1878.° However, due to more efficient transportation of coal, and
poor efficiency, the French government deemed solar energy uneconomical. Over the years
this technology has been refined and in 2014 the Ivanpah facility was built in the Mojave
Desert, which is largest solar thermal plant ever built. The plant produces 392 MW of
power but does use natural gas to start up every day. However, this is substantially more

than a typical natural gas plant would produce with the same amount of gas.



Solar photovoltaics have seen more growth than solar thermal technology. The
Solar Star plant, which occupies approximately the same amount of land as the Ivanpah
facility, produces 579 MW of power. This is the largest solar cell plant in the US, and there
are others in Asia that can produce over 1000 MW. Solar photovoltaics can be traced back
many years, but the “photovoltaic effect”, which is the creation of current and voltage due
to exposure to sunlight, was first experimentally demonstrated by the French physicist
Edmond Becquerel in 1839.7 He discovered that by putting silver chloride in acidic solution
connected to platinum electrodes, voltage and current were generated when illuminated
with light. He could not explain the effect, but Albert Einstein was able to many years
later.® In 1873, Willoughby Smith published in Nature detailing what he discovered
regarding the photoconductivity of selenium.’ In 1883 Charles Fritts constructed the first
solar cell by coating selenium with gold to form the junctions, however, it only had an
efficiency of approximately 1%.'" It wasn’t until the 1940’s that Vadim Lashkaryov and
Russell Ohl discovered p-n junctions in copper oxide and silicon, respectively.'!!* In 1954
the first practical solar cell was developed by Daryl Chapin, Calvin Fuller and Gerald
Pearson at the Bell Laboratories. It was the first silicon solar cell and had an efficiency of
6%, much better than previously constructed photovoltaics.'*

Even though this technology was too expensive to practically use at that point in
time, the constant refinement throughout the decades has just recently led it to becoming a
viable option. From this, different photovoltaic architectures have been developed, which
can be divided into two classifications: crystalline silicon (c-Si) and thin-film. Crystalline
silicon cells are the most widespread solar cells used, accounting for over 90% of the

photovoltaic technology market share.!> Even though ¢-Si cells are the most expensive,



they have proven to be the most efficient and stable. However, thin-film photovoltaics have
been extensively researched and have shown to have several advantages over c-Si, such as:
being flexible, more resistant to higher temperatures, easier mass production, and cheaper
materials. There are many different materials used in thin-film cells, most notably CdTe,
GaAs and CIGS."” These are examples of solid-state systems and involve a semiconductor
absorber producing an electron-hole pair, which is then separated by an electric field.
However, the crux of this cell architecture is the high cost of materials and manufacturing,
which has led to most research being dedicated to finding cheaper and more efficient ways
to harvest solar energy. Two newer thin-film photovoltaic technologies that have been risen
up to combat these issues are dye-sensitized solar cells (DSSC) and organic solar cells

(OSC).IG'”

1.3 Efficiency Limits

In 1961, William Shockley and Hans J. Queisser published their paper on the
maximum efficiency of an ideal photovoltaic cell.!® A maximum efficiency of 30% and
optimum energy gap of 1.1 eV was found when under the assumption that the sun and cell
are blackbodies with temperatures of 6000 K and 300 K, respectively. There have been
many other papers discussing the maximum efficiency, but all result with the values for
the efficiency and energy gap similar to Shockley and Queisser.'?! Figure 1.1 shows the
energy losses estimated by Archer et al. in 1990. They estimated that ~31% of the light
energy is lost due to being too low to excite the dye (E < E;), where E and E, represent the
light energy and energy gap, respectively. They also estimated ~23% of the energy being

lost to intraband thermalization of the charge carriers, 12% lost due to entropy, and 1% lost



from radiative recombination. This leaves a maximum efficiency of 33%, with an optimum
energy gap of 1.34 eV."”

The variations in the calculated values can often be attributed to using different
solar spectra, or black body temperature of the sun. The most common solar spectra used
for flat panel photovoltaic testing today is the air mass 1.5 global (AM1.5 Global) spectral

irradiance distribution, shown in Figure 1.2. Essentially, this spectrum is defined by the

1% Radiative
Recombination

Figure 1.1. Pie chart illustrating the 33% efficiency limit and where the rest of the energy
is lost.

angle of the sun to the Earth’s surface. The AM coefficient is the optical path length

through the Earth’s atmosphere, and AM1.5 was selected to be representative of the



average solar radiation over the United States.’> The American Society for Testing and
Materials made this a standard for photovoltaic research. This spectrum has been refined
and the current accepted version for flat panel photovoltaics is denoted as the G173-03

standard (Figure 1.2).2
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Fig}lre 1.2. G173-03 Am 1.5 solar spectrum. Highlighted region signifies the visible light
region.
1.4 Dye-Sensitized Solar Cell
The underlying concept of a DSSC was first outlined in the 1870’s. By itself, silver
halide shows no activity to visible light, but Vogel et al. demonstrated that when put in a
gelatin medium, it became sensitive to this range of light. This concept was further proved
by James Moser in 1887, but voltages were only around 0.04 V, much too low for a

photovoltaic device. Not much improvement occurred until Hishiki (1965) and Gerischer



(1968) improved upon Moser’s work by investigating zinc oxide with cyanine and rose
bengal dyes, respectively. Later, Daltrozzo and Tributsch adsorbed Rhodamine B to ZnO,
observing the transfer of electrons from the dye to ZnO. It wasn’t until 1977 that Spitler
and Calvin replaced ZnO with titanium dioxide (Ti0O2), which would later become the most
popular metal oxide for DSSC’s.

It took until the 1990’s for DSSC’s to become a practical photovoltaic device. The
first efficient cell, developed by Michael Gritzel and Brian O’Regan in 1991, had an
overall efficiency of 7%. This was less than the silicon cells at the time, but it exhibited a
12% efficiency in diffuse light, which was a problem for other solar cells. The DSSC breaks
away from other solar cell technologies in that it separates light absorption and charge
transport. In a c-Si cell, the silicon does both actions, while a DSSC utilized the inorganic
dye N3 as the absorber, and a TiO, semiconductor layer for charge transport.

In the beginning a lot of research went in to developing variations of this ruthenium
dye to improve the efficiency. However, it was soon realized that using ruthenium would
be too expensive for mass production, which led to the investigation of other metals. A
DSSC using a zinc porphyrin complex has recently reached an efficiency of 13%, which
set the DSSC efficiency record in 2014, proving to be a suitable replacement for ruthenium-
based dyes.?* There has been a push, however, to eliminate the use of metal-complexes as
the dye sensitizer and develop organic replacements, which would dramatically reduce
fabrication costs. Organic dyes have improved long term stability, the advantage of having
a wide variety of easily modified structures, and also larger absorption coefficients,
stemming mainly from intramolecular n-nt" transitions. At first these organic dyes lacked

in efficiency compared to the Ru-based dyes, but have recently surpassed metal-based



dyes, setting a new efficiency record of 14.3% in 2015 by co-sensitization of two different
organic dyes.?
The architecture of a DSSC (Figure 1.3) can be split into five parts, which in order
starting from where the sunlight enters the cell:?
1. Transparent glass allowing light to pass into the cell.
2. A transparent conducting oxide (TCO) acting as the anode. Tin oxide doped with
either fluorine (FTO) or indium (ITO) is the most prevalent material.
3. The active layer which includes:

1. A mesoporous oxide layer which is deposited on the anode and is typically
titanium dioxide (Ti0.), although other metal oxides like ZnO are currently
being explored.

ii. A monomolecular layer of dye molecules, such as N3 in the cell developed
by Michael Gritzel. This is deposited onto the oxide layer and is used to
harvest incident sunlight.

iii.  An electrolyte layer usually containing some organic solution, like ethanol
(EtOH) or dichloromethane (DCM), and a redox mediator. The most
prevalent mediator used has been an iodide/triiodide couple, but more
recently metal complexes utilizing cobalt or copper have been gaining
traction.

4. A counter electrode similar to layer (2) in which a glass sheet is covered in FTO or
ITO, but is then coated with a catalyst such as platinum. This layer acts as the

cathode of the cell and catalyzes the reaction to regenerate the redox mediator.



The mechanism of a DSSC is based on a photo-electrochemical process.?%>” When
illuminated the dye becomes excited, bringing an electron from the highest occupied
molecular orbital (HOMO) to the lowest occupied molecular orbital (LUMO):

S+hv - §*

Where S* denotes the excited state of the dye molecule. The excited electron is then
injected from the LUMO of the dye, to the semiconductor surface, which then travels
through this layer to reach the electron collecting photoanode. This leads to the dye
molecule becoming oxidized:

S* = S*+ eqio2
where S* is the oxidized state and er;o, represents the electron that has been transferred to
the semiconductor layer. At this point, the dye molecule can no longer donate electrons
unless it is restored to its neutral ground state. This is done using a redox mediator as a
reducing agent via:

St*4+M - S+ M

where M/M°* represent the redox mediator in its neutral and oxidized states, respectively.
The mediator is then reduced back to its neutral state at the counter electrode:

M+ ecp » M
where ec represents the electron coming from the counter electrode. It is at this point the
whole system is back to its original state and the process can be repeated. This process is
occurring consistently and creates a current in the cell, which in turn generates electricity.
The mechanism of the cell is illustrated in Figure 1.4. With the path of the electron, and

also path of recombination, being displayed. The electron travels between the cathode and



anode, and the dye is excited from a ground to excited state. The overall photo-conversion

efficiency (PCE or n) of the cell is defined as:?®

where V. is the open-circuit voltage, Js is the photocurrent density at short circuit, FF is

the fill factor, and Pinc is the power of incident light.

Active Layer ©. 4o .60

Transparent Substrate (Glass)

( Tio,

e Dye

Figure 1.3. Architecture of a dye-sensitized solar cell

1.5 Organic Solar Cells
At first, DSSC’s were created by the desire to create more economical solar cells
compared to the c-Si cells at the time. Then, the desire not to use rare metals like ruthenium
in DSSC’s drove the movement in creating organic molecules to act as the photosensitizer.

This led to the idea of eliminating the metal oxide surface as well, and thus an entirely new

10



classification of solar cell was created, called an organic solar cell (OSC).!7- 232 This
involves one or more organic dyes in an active layer which absorb solar radiation to reach
an excited state and perform intermolecular electron transfer to transport charge throughout
the cell. Due to the infancy of this technology it is sometimes referred to as an organic

photovoltaic (OPV).

S% / 8%+
A
I/
P
S/S*
Anode TiO, Dye Redox Mediator Cathode

——» e path
--------- » recombination path

Figure 1.4. Mechanism of electron transfer in a dye-sensitized solar cell. The electron
path is illustrated with the solid line, and the recombination pathways with a dotted line.
In 1906, Pochettino published a paper making anthracene the first organic

compound in which photoconductivity was observed.?’ Originally, organic solar cells
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utilized an active layer made of a single organic material put between two electrodes. Upon
absorption of light, Coulomb-bound electron-hole pairs are created called excitons. The
exciton would then diffuse to one of the electrodes and dissociate so the electron or hole
can be collected. This single layer has the intrinsic limitation that makes one have to choose
whether to use a p-type (donor) or n-type (acceptor) organic compound. This limitation
makes it so the organic layer cannot properly generate individual charges from the formed
excitons. The Coulombic energy binding the electron and hole together is ~0.35-0.50 eV
for most organic semiconductors.*? This kind of exciton is commonly defined as a Frenkel
exciton, due to its molecular localization and the Coulombic binding energy exceeding the
thermal energy at room temperature.** Weakly bound, delocalized excitons (< 0.1 eV) are
defined as Wannier-Mott, which are the type in bulk semiconductor solar cells using
materials like Si, CdS and CdSe.*3-*¢ In order to overcome this binding energy, a driving
force is needed to dissociate the Frenkel exciton, and the lack of one is one reason why the
single layer cells were inefficient.

Since the invention of the organic solar cell, it can be argued that there are three
pioneering publications that have brought OSC’s to where they are today. The first being
the fabrication of a bilayer cell in 1986 by Tang et al., which dramatically improved the
efficiency over the current OSC’s at the time to an unprecedented ~0.9%.'” This cell split
the active layer into two separate layers, one made of a donor material, and the other an
acceptor. The cell mechanism involves the donor layer absorbing light to become excited
and form an exciton, diffusion of the exciton to the bilayer interface, and then dissociation
into an electron and hole. The energy difference between the donor and acceptor orbitals

acts as the driving force mentioned earlier to dissociate the exciton, by providing the
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electron a lower energy state within the acceptor. The electron is transferred to the acceptor
and travels to the electrode, while the hole remains in the donor and travels to the opposite
electrode. Most of the improvement in efficiency can be assigned to the inclusion of this
driving force.>* However, the future for the bilayer system was bleak because there was
still a limitation on poor charge transport inside the two individual layers. This is due to
the fact that the diffusion length of an exciton is only ~10 nm, while the donor layer
thickness would be >100 nm.?’-*° This meant only a small fraction of excitons would make
it to the bilayer interface and dissociate. Also, vacuum systems were still necessary for

depositing the organic layers, which wasn’t ideal.

1.5.1 Bulk-Heterojunctions

The second and third milestones that led organic solar cells to where they are today
are closely related. There was the introduction of bulk heterojunction (BHJ) architectures
in 1992, which utilized polymers and fullerene,?! and then a few years later in 1995, Yu et
al. published the first work on solution processed BHJ solar cells.>? This cell utilized
PCs1BM instead of the bare Cgo fullerene, and resulted in an efficiency of 2.9%. In a BHJ,
there is a single active layer, however, it contains both donor and acceptor organic
molecules. The donor is typically a polymer, while the acceptor is frequently a fullerene
derivative like [6,6]-phenyl-C, -butyric acid methyl ester (PCs1BM) and [6,6]-phenyl-C, -
butyric acid methyl ester (PC, BM).3>33 The active layer is distributed on the cell by spin-

40-41 42-43

coating the donor-acceptor mixture, or through co-deposition. Due to the donor and
acceptor materials being thoroughly mixed, there are now a plethora of donor-acceptor
junctions throughout the active layer, as opposed to a single junction for the bilayer system.

This allows excitons to efficiently dissociate, and create electron-hole pairs, however, the
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downside to this mixture is that is more likely the charge carriers recombine. Overall, the
improvement in device efficiency vastly outweigh the flaws. Figure 1.5 illustrates the
different active layer architectures for OSC’s, and also molecular structures of the donors

and acceptors used in the first cells.

Transparent Substrate (Glass)

Transparent Substrate (Glass) —
Hole-Transport Layer (PEDOT:PSS)

Transparent Substrate (Glass)

Figure 1.5. The architecture for the a) single active layer b) bilayer and c¢) bulk-
heterojunction cells.
Even though there are a variety of cell structures used in organic solar cells, the
typical cell is similar to a DSSC and uses the following layers:*3
1. Glass that allows light to pass through into the cell.
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2. The anode which is typically either fluorine (FTO) or indium tin oxide (ITO), which
is also transparent, so light can reach the active layer.

3. Hole-transport layer (HTL) to minimize carrier recombination by blocking
electrons and transporting holes, and is usually PEDOT:PSS. Also, it improves
Ohmic contact between the active layer and anode.**

4. The active layer of the cell. In the case of a BHJ this contains the mixture of donor
and acceptor molecules, which can range from polymers, to fullerenes or other
small molecules.

5. An electron-transport layer (ETL) to block holes and transport electrons. ZnO has
shown to be an effective material and is used extensively.*3-48
6. The cathode of the cell, which is typically a low work-function material like

aluminum.

The mechanism of the BHJ cell is similar to that of bilayer cells, since they both utilize

donor and acceptor molecules. The elementary steps for the photoinduced charge

separation are:*
D+A+hv=D"+4
D*+A = [D* A]
[D*,A] = [DF,A7]
[D*,A"] = DT+ A~

which involves, in order, photoexcitation of the donor, diffusion of the exciton forming an

encounter pair, electron transfer to form a geminate pair, and charge separation. These steps

are illustrated below, with Figure 1.6a showing the steps within the active layer, and Figure
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1.6b illustrating the process in relation to the HOMO and LUMO orbitals. These processes

can advance in a similar way in the case of an excited acceptor, which is discussed later.

(3) (5a) (4a) m

(4b)  (5b)

Figure 1.6. Mechanism of a BHJ cell with relation to a) the active layer and b) the
HOMO and LUMO orbitals. 1) photoexcitation of the donor 2) diffusion of the exciton 3)
electron transfer forming a geminate pair 4) charge separation and 5) charge transfer to
cathode or anode. For steps 4 and 5, ‘a’ and ‘b’ signify the hole and electron transfer,
respectively.
1.5.2 Non-Fullerene Acceptor

Over the last 10 years, more attention has been given to the development of new
donor materials, rather than new acceptors, for organic solar cells. The most common

acceptors have been derivatives of Ceo fullerene, such as PCsi1BM and PC, BM. These

fullerene derivatives have positive qualities like high electron mobilities, 3D character and
delocalized LUMOs, and readily forms interpenetrating networks with donor molecules,
which aides charge separation and transport. These qualities helped lead single-layer
OSC’s to efficiencies between 10-11%,°°! but there are negatives associated with

fullerene derivatives. It is difficult to tune the molecular orbital energy levels in fullerene
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derivatives, and have weak absorption in the visible and NIR regions.’?> There are also

many long-term thermal and photochemical stability concerns,>3->*

as well as high material
and production costs.>

Organic small molecules can address all these negatives associated with fullerenes
such as: easily tunable chemical structures and orbital energies, increased absorption in the
visible and NIR regions, improved long-term stability, and can be more easily
synthesized.’> These qualities led to the development of organic non-fullerene (NF)
acceptors for OSCs. However, even with all the positives, in the beginning poor
efficiencies were observed for cells using NF acceptors. This has been attributed to the
planar nature of the organic molecules, leading to premature aggregation and
crystallization.>® This prevents sufficient donor-acceptor mixing, and leads to poor
efficiencies. However, much progress has been made within the last few years and

3758 while

efficiencies have improved from ~6% to >14% for OSCs based on NF acceptors,
fullerene-based cells still have efficiencies <13%.%-

There have been many advances in the design of new organic NF acceptors, and
the two classes of molecules leading the way are perylene diimides (PDIs) and fused-ring
electron acceptors (FREAs), both shown in Figure 1.7.6'62 Both of these classes of
molecules exhibit strong absorption in the visible-NIR region, have high electron
mobilities, and have easily tunable electronic and optical properties.’> The downside to
PDIs is that they tend to suffer due to their planarity, forming r stacks in their crystals.
However, connecting multiple PDIs by a bridge unit has improved their miscibility with

donor molecules, and have made them excellent NF acceptors.®* PDIs have been used as

an acceptor material for many years, even being in the first bilayer cell by Tang et al.,'” but
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FREAs are a more recent development. A FREA consists of a fused-ring bridge with a
strong electron withdrawing group at each end. The presence of side chains along the
bridge affect the miscibility with donor molecules, mainly by preventing the m stacking

issue seen in other organic NF acceptors like PDI.% The leading organic solar cell utilizes

a FREA, and has an efficiency of 15%.%

Figure 1.7. Chemical structures for fused-ring electron acceptors (FREA) and perylene
diimides (PDI).
1.6 Objective

The objective of the research presented in this dissertation was to thoroughly
investigate the organic dyes used in photovoltaic applications, and more specifically, DSSC
and OSC devices. There are a plethora of publications in the literature regarding various
aspects of these solar cells including surface materials, electrodes, dyes, etc., however,
there is still much we do not know about these devices. The use of organic dyes instead of
inorganic dyes that utilize rare metals has been of strong interest and efficiencies increase

every year. From a theoretical perspective there are still a lot of unanswered questions
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about why certain organic dyes produce better efficiencies than others, also, determining
properties that match experimental values is still a challenge.

Thiophene has played a key role in organic dyes for many years due to its electronic
properties and is used in most organic dyes as a w-bridge. Our first thought was to question
why thiophene was the most common, and when no answer was found in the literature, we
sought to answer it ourselves. So, throughout this dissertation we seek to answer this
question by substituting various heteroatoms for sulfur in the thiophene ring. The change
in several properties such as the molecular orbital energies and absorption spectra, are laid
out and thoroughly analyzed. Chapter Three studies organic dyes for DSSCs and shows
that n-bridge systems using a phosphorus or selenium atom in the five-membered ring
could prove to be more efficient than thiophene. Chapter Four looked at OSCs, and found
that larger atoms, had improved photovoltaic as well as Marcus theory parameters, and
show potential to perform better than typical thiophene linkers. Chapter Five also
investigated OSCs, focusing on utilizing multiple heteroatoms in the organic dye, separate
from the thiophene bridge, and found that combinations of S+P and S+As would most
likely provide the best results in an actual cell, regardless if the bridge was thiophene or
not. Throughout each of these chapters the most accurate methods are determined, to ensure

that the most accurate results are obtained.

1.7 Author Contributions
Rodrigo Salcido was a contributor for NICS analysis calculations done in Chapter
Four. Andrew G. Smith did all other data collection. Andrew G. Smith also did all of the

manuscript writing, with edits by Kevin L. Shuford.
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CHAPTER TWO

Overview of Theories and Methods

2.1 Schrodinger Equation
All quantum mechanics methods stem from the Schrodinger equation. This
equation for an N-electron system, in its time-independent form, and governed by the Born-
Oppenheimer principle is:

HY =EY (2.1)
where ¥ = Y(xi, X2, ..., Xn) 1s the wavefunction, E is the electronic energy, and H is the
Hamiltonian operator. In its basic form:

H=T+V=(T,+T)+ Ve, * Vin + V, (2.2)
where T and V represent the kinetic and potential energies, respectively. When expanded,
the kinetic energy consists of two terms, the kinetic energy of electrons (T.) and nuclei
(Tn). The potential energy can be expanded into three different Coulombic forces: the
electron-nucleus attraction (Ven), nucleus-nucleus repulsion (Vu), and electron-electron
repulsion (Vee). It is because of the last term, the electron-electron repulsion, that the
equation is not separable into single particle terms. This is problematic because for each
additional electron included in the system, the number of parameters increases
exponentially. This is why H and He" are the systems students solve for when learning

quantum mechanics, since both only have one electron.
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2.2 Hartree-Fock Theory

This issue regarding the many-body Hamiltonian has led to the development of
numerous approximations in order to solve for the energy of multi-electron systems. One
such theory is known as Hartree-Fock (HF), or sometimes the Self-Consistent Field
technique (SCF), which is one of the earliest computational methods to solve the
Schrodinger equation.®”-% This formed the foundation of modern molecular orbital theory,
approximating that there are no electron-electron interactions and are described using one-
electron wavefunctions.

Hartree-Fock theory is based on the variational principle. To explain this principle,

the expectation value for the energy of a system with a given wavefunction is shown below.

_(¥HY)
(PIY)

= j R ar (2.3)
-

The variational principle states that for any wavefunction other than the true one,
the energy will always be greater than the true energy.

E>E, (2.4)
where Eo represents the true ground state energy of the system.

Using the variational principle, Hartree-Fock theory attempts to minimize the total
energy of a system by iteratively guessing the one-electron wavefunction. Before this
process starts, Hartree-Fock theory makes two approximations: nuclear motion is not
considered because electrons move much faster (Born-Oppenheimer approximation) and
there are no electron-electron interactions. Under these approximations an N electron

system can be described as the product of each wavefunction.

lP(Xla X15-05 Xn) = W] (XI)WZ(XZ)---WN(XN) (25)
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This, however, does not account for the Pauli Exclusion Principle. An

antisymmetric condition must be set, and written as a Slater determinant:

LG G
lIIHF:_ . . .

i (2.6)

WI(XN) \I/N(XN)
where x; represents the space and spin coordinates of electron i. This represents each
electron as associated with every orbital, while remaining indistinguishable from each

other. The Hartree-Fock energy eigenvalue (Enr) is then calculated by:

N N
1
Eue = (e FIP) = > Hy 5 ) (35~ Ky) + Vi @7)
i=1

=1

where F represents the Hartree-Fock Hamiltonian, commonly known as the Fock operator.
Hi is a one-electron term that encompasses the kinetic energy and electron-nuclei
Coulombic attraction. J;; and Kjj are both two-electron terms and represent the electron-
electron Coulombic repulsion and exchange integral, respectively. Note that J;; does not
account for every individual electron interaction. Instead, it is assumed there is an average
potential generated by the electrons, and each electron experiences this potential created
by the other electrons in the system. Vi, pertains to the nuclear repulsions, and since it does
not involve electronic coordinates, it is not included in the sum functions. The variation
principle is then applied by minimizing the ground state energy with respect to the spin
orbitals.

Later, in 1951, Roothaan proposed to expand the molecular using a linear

combination of atomic orbitals (LCAO), represented as:*°

v, = i Csi % (2.8)
s=1
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where y and C represent the basis functions and molecular orbital coefficients,
respectively. This new representation of the molecular orbitals is substituted into the

previous HF equations, thus changing the Schrodinger equation.

Z CiFy, = E; Z Ci, (2.9)

When this is multiplied by y,*, integrated, and put into matrix form, it leads to the relation:
b

chi(Frs-EiSr5)=o, r=1,2,...,b (2.10)
s=1

where Fs and S represent the Fock and overlap matrices, respectively. These are defined

as:

Fro = (0 [Flx) > Sw = (xln) @.11)
These equations are more easily solved in matrix form. When the above equation is written

In matrix notation, it becomes:

b

b
ZFrsCsi =EiZSrSC5i , r=1,2,...,b (2.12)
s=1

s=1
Or more simply,
FC=SCE (2.13)

Where F, S and C are all square matrices of order b. F is the Fock matrix, S is the overlap
matrix, and the elements of C are the coefficients Cy;. E is a diagonal matrix whose diagonal
elements are the orbital energies E,.

First, the Fock and overlap matrices will be generated using a guess, then
diagonalization of F will be done which will produce an E value for every molecular
orbital. This result is fed back into itself, and, using the variational principle, will be done

iteratively until E converges.
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2.3 Density Functional Theory

2.3.1 Hohenberg-Kohn Theorems
The electronic Hamiltonian, in atomic units, is:
N N
ﬁ=-%2v§+Zn(ri)+zzr%=T+Vne+vee (2.14)

i=1 i=1 R

where T, V.. and Ve represent the kinetic energies, electron-nuclear attractions, and
electron-electron repulsions, respectively. The v(r) term included in the electron-nuclear
attractions term is defined as the external potential energy acting on electron i at point r.
This is because it originates from charges external to the system of electrons. In 1964,
Hohenberg and Kohn proved that the ground state electron density, oo(r), determines the
external potential and number of electrons.”® They devised two theorems, the first being

that at the ground state energy, there is a unique electron density and corresponding

external potential. The ground state energy is a functional of the density:
Eq = Eq[p,] = T[py] + Vae[py] + Veelp,] = j p, () dr +Fp,| (2.15)

Since po(r) can be used to determine the electronic wave function, and the T, Ve
and Ve terms from earlier are properties determined from the electronic wave function,
each of these terms can be expressed as a functional of po(r). The electron-nuclear
attraction potential energy term is known, however, the T[po] and Vee[p] terms are not.
When V. is expanded, and the two unknowns are combined into the single term F[ o], the

ground state energy equation becomes:

Ey = jpo(r)n(r)dr +F[p0] (2.16)
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The second theorem shows that by using the variational principle the ground state
energy of a system can be found by optimizing the electron density. The density that results
in the lowest energy, is the ground state density.

Elp] > E[p,] (2.17)
The energy obtained by the trial density trial density (E[p]), is an upper bound to the true
ground state energy (E[po]). Together, these theorems laid the foundation for the
development of Density Functional Theory (DFT), that all observable quantities of a

system can be determined from the electron density.

2.3.2 Kohn-Sham Density Functional Theory

Only the foundation of DFT was formed because theorems did not specify how to
calculate Eo from po, or how to calculate pp without first finding the wavefunction. In 1965,
Kohn and Sham developed a method to solve these two issues.”! Kohn-Sham (KS) DFT
involves the creation of a fictitious reference system, where the electron density is equal to
the real system. This reference system utilizes the method involved in HF theory, by being
a system of non-interacting electrons where each electron experiences the same averaged

potential. By using this reference system, F[ 0] becomes:

Flp,] = Tslp] + Vi[p] + Ex.[p] (2.18)

where the Ex. is the exchange-correlation energy functional. Ts and V; are the kinetic and

electron-electron repulsion of the non-interacting reference system.

N
1 ; _ 1 pGr)p(ry)
T = ‘EZ .[ v (F)VZ\I’i(l’) V= E.Ule'ldrz (2.19)
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where Vi is the averaged electrostatic electron-electron repulsion used in HF theory. The

equation for T can be related back to the density by:

N
plr] = lei(r)l2 (2.20)

The expanded representation for Eo then becomes:

N
B~ [ py(ndr 33" [ w0V
=
1 (f p(r)p(ry)
+ E'UTdﬁdl‘z + Ey.lpl (2.21)

In effect, Exc contains the differences in kinetic energy of the reference and real system,
and the non-classical components of the electron-electron interaction. This is the key
component in KS-DFT required for computing accurate molecular properties, so a good

approximation is necessary.

2.3.3 Exchange-Correlation Approximations
There is a plethora of approximations for Ex., with a wide range of classifications.
The major classifications are local-density (LDA), generalized-gradient (GGA) and hybrid
approximations. From here on, the term ‘functional’ will be used when talking about an
approximation for Ex.. To aid in development of these functionals, Ex. is split into the sum
of two parts:
E,.=E,+E, (2.22)
with Ex and E. being the exchange-energy functional and correlation-energy functionals,

respectively.
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2.3.3.1 Local density approximation. The earliest approximation for Exc is the local
density approximation (LDA).”! This method utilizes what is called the homogeneous
electron gas (HEG) model, also known as jellium. It assumes that the density varies very
slowly with position and can be treated as a uniform HEG. In this case, Ex. is the same at
each point in the system as an HEG with the same density. LDA provides good results for
things like metal Fermi surfaces and work functions, however, it tends to overestimate

binding energies and vastly underestimates energy gaps in semiconductors.

2.3.3.2 Local spin-density approximation. For open-shell molecules and molecular
systems close to dissociation, the local-spin-density approximation (LSDA) was
developed, which is still based on the HEG model like LDA. It allows electrons of opposite
spins to have different spatial KS orbitals. This is unlike LDA, where electrons of opposite
spins have the same spatial KS orbital. This approximation deals with the electron density
associated with the spin-a and spin-3 electrons separately. This makes it so all functionals
pertaining to the density, like Exc, now have two quantities.
Eye = Exe[p", o] (2.23)
Where p* and pP represent the spin-o. and spin-f3 densities, respectively. When all electrons
are paired p* = pP. LSDA can calculate several properties, such as molecular geometries,
dipole moments, transition metal compounds and vibrational frequencies and with decent
success. However, dissociation and atomization energies are still a problem and higher

level functionals are necessary to get accurate results.

2.3.3.3 Generalized-gradient approximation. In reality, molecules do not have a

slowly varying electron density, which is why LDA/LSDA tend to fail. The generalized-
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gradient approximation (GGA) improved upon this, by changing the way the density is
perceived.”?7* It’s similar to LSDA in that it accounts for spin-c. and spin-B electrons
separately, but it expands the expression for Exc to account for the gradient of the density.
The addition of a gradient brings a more accurate representation on the true non-
homogeneous electron density, and was found to give accurate dissociation energies. Just
like LDA/LSDA splits Exc into Ex and Ec¢ parts, GGA does the same. The GGA method
also opened the door for customization of Exc, by starting the development of different

functionals. For example, in 1988 Becke developed a functional for Ex (B88):74

4

5)3 2

EBSS — BLSDA _p Z .[ (p°) 'XG —dr (2.24)
) 1+6bx6 sinh Ao

where ELSP4 is the exchange energy using the LSDA method, and b is an empirical factor
equal to 0.0042 atomic units.

Empirical factors are used for tuning the basic form of the functional to match the
true experimental values. This is done by building a test set of atoms or molecules, then
fitting their known energies. The use of empirical factors is a common practice when
creating new Ex. functionals, however there are some that do not use them, such as the one
from Perdew-Burke-Ernzerhof (PBE).” This is why GGA methods are sometimes referred
to as gradient-corrected functionals, seeing as it is applying a correction to the Ex energy
calculated using the LSDA method. Another common GGA functional is the Perdew-Wang
1986 functional (PW86),”° which does not include any empirical factors. A similar
treatment is done to E. and many functionals have been developed, a popular one being
from Lee-Yang-Parr (LYP).”” Two terms, one being for Ex and another for E. are combined

to form the full Exc expression. Any two terms can be combined, which opens up a plethora
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of possibilities. For example, one can combine B88 for Ex, and LYP for Ec, to form the

BLYP Ex. functional. This was a major advance in the development of DFT.

2.3.3.4 Hybrid functionals. Probably the most widely used expressions for Exc used
today are considered hybrid exchange-correlation functionals. The ‘hybrid” moniker stems
from the fact it combines both DFT and HF parameters into the calculation of Ex.. Even
though HF theory doesn’t properly account for electron correlation, it does involve an
almost exact method for electron exchange. The HF exchange energy, labelled as ES*act,

is given by:

N N
1 I
E= g (o) o MO @) (2.25)
=1 =1

1

J

which slightly differs from HF theory by replacing HF orbitals with KS orbitals.

A hybrid functional takes a fraction of this definition for Ex and combines it with
DFT Ex and E. approximations. A very popular one, B3LYP, includes the 3-empirical-
parameter functional by Becke (B3) and the LYP correlation energy.’® When all these are
combined it leads to the following definition:

EE(?LYP _ (1 _ a() _ aX)E§SDA + aOEixaCt + aXEESS
+(1-a,)EY"N +a ELYP (2.26)

where EYWN

is the correlation energy given by Vosko-Wilk-Nusair, which was originally
devised for the LSDA method.” The empirical parameters ao, ax, and ac are equal 0.20,
0.72 and 0.81, respectively.

The PBE GGA functional was recreated as a hybrid (PBEO), by mixing the PBE

and E£*a¢t energies in a 3 to 1 ratio.®” For a case like this, it is sometimes referred to as a

functional with 25% exact exchange. The benefit of using a non-empirical functional like

29



PBE or PBEQO, is that it should perform universally, that is, it should provide accurate
results for most every system. However, it systematically tends to overestimate the band
gap energy of systems.

Another kind of hybrid functional is labelled a long-range corrected hybrid, which
was first introduced by Savin in 1996 for the LDA exchange functional.®' Long-range
correction is done by partitioning the two-electron operator into short and long-range parts:

1 1-erf(ury,) N erf(ury,)

1§) 1§) 1§)

(2.27)

where r12 = |r1 — r2| for coordinate vectors of electrons ri and r», and p is a parameter to
determine the ratio between these parts. However, Savin’s method only worked for LDA
since GGA functionals did not usually have corresponding density matrices like LDA. This
problem was solved in 2001 when likura et al. pushed the gradient terms into the
momentum. This allowed the new long-range corrected functionals to reproduce the
original GGA exchange functional when p=0.

Two popular long-range corrected functionals are the CAM-B3LYP and ®B97x-D
functionals.?>* CAM-B3LYP changes (2.27) to:

1 1-[a+p-erf(ur),)] Lot B -erf(ur,)
15) 1§) 1§)

(2.28)

where a and 3 equal 0.19 and 0.46, respectively. The ®B97x functional was the first long-
range corrected semiempirical functional:®3

EOBI7X _ gLCAR) 4 ¢ pHF(SR) 4 EBYT(SR) 4 97 (2.29)
where LR and SR represent short and long-range corrections, respectively, and B97
represents the Becke 1997 semiempirical functional.®® The ®B97x-D functional includes

an added van der Waals atom-atom dispersion correction.3*
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Another method to take long-range interactions into account is the screened
Coulomb potential functional developed by Heyd-Scuseria-Ernzerhof in 2003.% This
functional, denoted as HSE, was created by dividing the exchange terms of PBEO into short
and long-range parts:

EHSE — g peactSR () 1 (] - 2) EPBESR () + EPBELR () + EPBE (2.30)
where o is a mixing parameter which determines what is considered short and long-range
interactions, and a is the parameter that determines the amount of exact exchange is used.
One thing to note is that for the exact exchange integral, only the short-range component
was included. For the HSEO6 iteration of the functional, a=0.25 and ® is an adjustable
parameter, typically between 0.1-0.2.87 The HSE06 functional will also be used extensively

in a future chapter.

2.3.4 Time-Dependent Density Functional Theory

For all the benefits that DFT provides, it only helps solve the time-independent
Schrédinger equation. It wasn’t until 1984 when Runge and Gross developed a time-
dependent (TD) extension to KS-DFT.® The full derivation is in Ref. [88], but in the end
the Runge-Gross theorem states two different time dependent external potentials cannot
produce the same time dependent density. This is because the time dependent density is a
unique functional of the time dependent external potential. In 1999, van Leeuwen proved
this potential and legitimized the TD-KS scheme.?® One maps the interacting system to a
non-interacting one, described by a potential (V.r) which would yield the same density as

the interacting system. The TD form of the KS equations is:

8
i (rt) = (% v+ Veff(r,t)> ¢.(r,t) (2.30)
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where

n(r,t)
Vegr(1r,t) = Vg (r,t) + .[ ﬁdr + Vi (r,t) (2.31)

where Ve is the known external potential of the interacting system, the second term is the
Hartree potential, and Vi is the exchange correlation potential. The adiabatic local density

approximation (ALDA) is often used for TDDFT,”*-° in which V. is approximated as:

8IEXC [pt]
op

Vielpl(r,0) = =Vylp] () (2.32)

t
Conveniently, the exchange-correlation functionals used for DFT can be used for TDDFT
as well.

TDDFT is most commonly applied to the calculating the energies of excited states,
which is based on linear response TDDFT (LR-TDDFT). This theory revolves around
applying a small external perturbation that is not enough to destroy the ground state
structure of the system, then measuring the response. This measurement yields information

regarding the electronic structure of the system.

2.4 Marcus Theory
The field of electron transfer processes began to take off in the late 1940s following
the end of the second World War. Before the war only slow electrochemical reactions could
be studied, such as the release of the hydronium ion at an electrode to form hydrogen gas.
After the war, radioactive isotopes became available, which allowed scientists to study
isotopic exchange reactions such as:
Fe*" +Fe”" — Fe’" + Fe'*' (2.33)

where the asterisk identifies the radioactive isotope in the reaction.
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One hurdle scientists faced was that the current instrumentation was not capable of
taking measurements at the time scale electron transfer reactions occur. The stopped flow
apparatus, which was pioneered by Sutin for inorganic electron transfer reactions,
overcame this hurdle.”? It allowed one to study reactions on the millisecond time scale and
was able to study electron transfer between different redox systems, termed “cross
reactions,” such as:

Fe*" + Ce* — Fe*" + Ce’” (2.34)

Throughout the years as instrumentation became more advanced, such as the
development of laser spectroscopy, more complex electron transfer reactions started to be
studied. In 1953 Henry Taube published the first work on “inner-sphere” electron transfer.
He discovered during the following redox reaction:%*

[CoCI(NH;)5]** + [Cr(H,0)6]*" — [Co(NH;)s(H,0)]** + [CrCI(H,0)s]*"  (2.35)
that chlorine acts as a bridge between chromium and cobalt. During the lifetime of the
bridged complex, chlorine will act as a channel of electron flow from Co(II) to Cr(IIT) and
create the products Co(III) and Cr(II).

In the late 1950s, the only studied electron transfer reactions were “inner-sphere”,
but Rudolph Marcus developed a theory to explain the rates of “outer-sphere” electron
transfer in 1956.% During an “outer-sphere” electron transfer event, the chemical species
remain separate and intact throughout the entire reaction. This is opposed to the “inner-
sphere” reaction mentioned earlier which involves a chemical bridge forming between two
redox sites, in which Marcus extended his theory for a few years later.”3

The initial hurdle Marcus had to overcome was that according to transition state

theory there is an energy of activation to a transition state, which doesn’t exist during an
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outer-sphere electron transfer reaction. Some basic principles used to postulate Marcus’
“outer-sphere” theory were: (1) when an electron is transferred it does not change in energy,
(i1) the potential energies for the molecules are represented by the harmonic oscillator, and
(i11) the nuclei are thought as stationary since electron transfer happens at a much faster
rate than nuclear motion. Using the quadratic relationships between parabolas Marcus
derived a relationship to solve for the energy of activation as:*

. (AG+ L)?

AG
an

(2.36)

where AG* is the energy of activation, AG is the free energy change of the reaction and A
is the reorganization energy. These can be visualized in Figure 2.1. The Marcus theory

rates were calculated using this relationship alongside the Eyring equation shown below.’’

(5)
k = kAc2e\ k8T

(2.37)
In this representation x represents the averaged transition probability for electron transfer,
and Ac? contains dimensions for collision frequency, with ¢ being the average center-to-
center distance between donor and acceptor. These early studies treated the motion of
nuclei classically and focused on systems with weak electronic coupling (Vag) between
each other. In other words, this rate law represents a diabatic state where Vag is small,
however, for an adiabatic state, Vag is large and must be taken into account. This leads to

a new first-order electron transfer rate law:

21

k=%

V5> (FC) (2.38)

with FC being the Franck-Condon factor. This factor is the vibrational overlap integral
between the reactants and products. For treatment of nuclear motion, there are two theories

that are typically used: (i) use the harmonic or Morse oscillator for inner-shell coordinates
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Figure 2.1. Visualization of the Marcus parameters for a) diabatic and b) adiabatic states

and treat motion of the solvent using classical methods or (ii) assume all coordinates as
independent oscillators. The latter method has shown to be inadequate for systems with a
large entropy of reaction because the rate relies on the enthalpy of reaction. Method (1),
however, uses the free energy of reaction instead of the enthalpy, and is therefore

unaffected by large entropies. In the high-temperature limit, the rate becomes:

0 1 ( (AG+x)2>
k= = |Vyp|? ——¢\ “RT (2.39)
pVas] VATRT

where A is the summation of the inner and outer reorganization energies and T is the

temperature. This can be reorganized as:

4m3

h?Ak, T

(AG+W)?
[Vypl2e\ ket

(2.40)

when breaking up 7 and R, which is how the Marcus rate equation is typically written.
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Even though the general consensus is that the reaction rate increases as AG becomes
more negative, this is not always the case in Marcus theory. Marcus postulated that when
|AG| > A the rate will begin to decrease and was thusly named the inverted region. This
region was not observed until 1984, in which Miller and Closs tested the intramolecular
electron transfer rate between a donor and acceptor separated by a long carbon
framework.’® They discovered there was a tipping point, that once AG kept decreasing past

a certain value, the rate started to exponentially decrease.
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CHAPTER THREE

Electronic Effects on a D-n-A Organic Sensitizer Upon Heteroatom Substitutions in the
n-Bridge

Portions of this chapter are published as: Smith, A. G.; Shuford, K. L., Electronic effects
on a D-n-A organic sensitizer upon heteroatom substitutions in the n-bridge. Journal of
Photochemistry and Photobiology A: Chemistry 2017, 332, 580-585.

3.1 Abstract

Organic donor-pi-acceptor sensitizers are a promising path to achieving cheaper
and more efficient dye sensitized solar cells. The n-bridge plays an important part in the
photovoltaic properties of the dye, and sulfur systems, like thiophene, have been favorites
for this role. We aim to investigate the change in photovoltaic properties for systems that
utilize heteroatoms besides sulfur. Using density functional theory, we have investigated
the spectroscopic and electronic properties of the D5 organic dye upon heteroatom
substitution for sulfur in the m-bridge. We substituted for sulfur with pnictogens,
chalcogens, and various other elements in the second row of the periodic table. We find
the larger elements reduce the HOMO-LUMO gap, red shift the absorption spectrum,
increase the dipole moment and are energetically favorable for electron injection. Dyes
were adsorbed onto a (Ti02)16 surface and found favorable electron injections for all
substituted systems except boron. In particular, n-bridge systems utilizing selenium or
phosphorus, instead of the more prevalent sulfur, could prove to be more efficient based

on our analysis of photovoltaic properties.
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3.2 Introduction

With growing energy demand, the need for sources other than fossil fuels has been
brought into focus. In particular, the conversion of solar energy has gained momentum as
a technology that could meet this increase in demand.”®'% Dye-sensitized solar cells
(DSSCs), introduced by O’Regan and Gratzel in 1991,'°! have shown great promise as
next-generation photovoltaics. Ru(Il)-based dyes have a power conversion efficiency of
approximately 11%.'> However, ruthenium is a rare metal, so widespread application will
prove difficult. Alternatively, organic sensitizers possess a number of attractive attributes,

most notably cost and availability of raw materials.'??

The leading organic sensitizers
utilize the donor-pi-acceptor (D-n-A) framework.'%4-1% In this structure, electron donor and
acceptor groups are connected by a m-conjugated bridge. The acceptor is linked to the
semiconductor surface, typically TiO», by a carboxylic acid.

When examining a potential sensitizer, multiple factors must be considered. The
lowest unoccupied molecular orbital (LUMO) must lie above the semiconductor
conduction band (CB) so it is energetically favorable for the excited electrons to inject into
the surface.!”” The highest occupied molecular orbital (HOMO) energy level must lie

below the electrolyte redox potential, allowing the dye to gain back the lost electron.!'®!

Other factors include the presence of an anchor group to bond with the semiconductor,'%-
109 directed charge transfer from the sensitizer to the semiconductor, and having a high
molar extinction coefficient.'!? The latter implies less of the compound is needed in the
cell to obtain the same power input, which could lead to thinner and more efficient cells.!!!

More fully utilizing the entire solar spectrum is also highly desirable. Most sensitizers

absorb in the ultraviolet or the shorter wavelengths of the visible light range. Therefore,
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concurrently accessing longer wavelengths may lead to significant improvements in
efficiency.

One D-n-A framework utilizes a triphenylamine donor group, a thiophene n-bridge,
and a cyanoacryllic acid acceptor, with excitation involving a charge transfer from the
donor to acceptor group. The chemical structure of the dye is shown in Figure 3.1, along

with its HOMO and LUMO orbitals. This dye, known as D5, was synthesized

a
:: :E NC

N \ s y COOH

Figure 3.1. a) Chemical structure of the D5 solar dye and its b) HOMO and ¢) LUMO
orbitals

in 2006 and showed promise as an organic sensitizer.'!'>!13 Since then, many studies on

D-n-A dyes have focused on optimization of the donor and acceptor groups,?”> !'* while the
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n-bridge portion has received less attention. The =m-bridge is very influential to the
dynamics of electron transfer within the sensitizer and, if optimized, could increase the
efficiency of intramolecular electron transfer.

This study utilizes a theoretical approach to examine potential m-bridge systems,
ultimately aimed at improving the properties of D-m-A sensitizers for photovoltaic
applications. Using elements from the second row of the periodic table, along with
pnictogens and chalcogens up to the fourth row, we have investigated how changing the
heteroatom of the n-bridge ring affects the spectroscopic and photovoltaic properties of the
dye. D5 was chosen for this study because it is a relatively simple dye with only a single
heteroatom in the m-bridge, so the effects of elemental substitution can be analyzed in a
straightforward manner. We find these simple atomic substitutions can have interesting
effects on the electronics of the D-m-A dye, which may prove beneficial toward

development of new molecules for DSSCs.

3.3 Methods

A standard exchange-correlation functional used by density functional theory tends
to underestimate the excitation energies for charge transfer of molecules, with the error
increasing as the overlap between orbitals decreases. This poses a problem when
investigating D-n-A dyes due to the donor and acceptor portions being separated spatially
by the n—bridge, which leaves little overlap of the HOMO and LUMO orbitals. Using a
hybrid functional reduces the error by including Hartree-Fock exchange, and when using a
functional with long-range corrections, the errors are decreased even further.!'> We have
examined several different functionals to determine which is most suitable to describe the

excitations in the D5 dye variants being studied here. All ground state geometries were
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optimized by DFT using the B3LYP functional and the 6-31G(d) basis set. Diffuse
functions were not added for they have negligible effects on the electron density in these
molecules and are computationally more expensive.''® Electronic absorption spectra and
excitation energies were calculated using several DFT functionals including B3LYP,
HSEO06, PBEO, ®B97xD, CAM-B3LYP, and M06-HF. For calculations in solution, the
SMD model was used, which has been shown to produce accurate results for organic
dyes.!"7-118 All calculations were done using the Gaussian09 software package.!"’

The total sunlight-to-electricity conversion efficiency (n) is an important parameter
to evaluate the performance of a DSSC, and is related to the fill factor (FF), open-circuit

voltage (Voc), incident solar power (Pinc), and short-circuit density (Jsc) via:

Vocl
0ocCYsc (3' 1)
Pinc

n=FF
By increasing the Voc and Jsc, we can enhance the total conversion efficiency. A number
of factors contribute to Voc, such as the conduction band edge of the semiconductor, the
reduction-oxidation potential of the electrolyte, and the density of accessible states in the
conduction band; however, Ruhle et al. observed that Voc was linearly dependent on the

120 which is what we will consider here. The

dipole moment of the dye in the ground state,
Jsc value is associated with the light absorption capability and the electron injection
efficiency from the dye to the semiconductor. For DSSCs, Jsc is determined by the

equation:'?!

JSC = .[ LHEOL)CDinject ncollectd}\' (32)

where LHE(Q) is the light harvesting efficiency, neoliecet 1S the charge collection efficiency,
and ®iyject 1s the electron injection efficiency. For calculations in which the dye is being
changed only moderately, and not the surface the dye will be attached to, Mcottect can be
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presumed the same for each molecule. Based on Beer’s law the LHE can be approximated
with the following equation

LHE=1-10"f (3.3)
where f is the oscillator strength. The ®inject value is related to the driving force (AG™eet)
of injection from dye to the semiconductor. Electron injection occurs very rapidly in these
systems, and there has been experimental evidence that the electron transfer event occurs
much faster than the vibrational relaxation of the dye.!'??"!?* Therefore, the charge transfer

can be assumed to take place from an unrelaxed excited state, and AG™°¢ can be estimated

by: 125-126

AGMeet = BB =B LB - By (3.4)

where E®* is the oxidation potential of the dye in the excited state, Ecg is the reduction
potential of the conduction band edge for the semiconductor, E%¢ is the redox potential of
the dye in the ground state (-Enomo = E%°), and Egx is the excitation energy for the
transition associated with the intramolecular charge transfer. Obtaining a correct value of
Ecs is difficult since it is sensitive to experimental conditions. For TiO,, Ec has been
shown to equal 4.00 eV,'?* 27 which will be used for this study.

We will be reporting Amax, LHE, AG™°et and p of the dye after each m-bridge
variation has been substituted. The sun’s radiation output peaks at approximately 500 nm
and 1s skewed toward longer wavelengths, so red-shifting the spectra is often beneficial for
increasing the dye efficiency. Regarding Jsc, the goal is to increase the Amax Without
sacrificing the LHE, and to maintain a favorable AG™°, For the Voc, we will be observing
the change in the dipole moment after each substitution in hopes of enhancing Voc
alongside Jsc. We will use these values as an indicator to determine if a variation would

increase or decrease the overall efficiency 1.
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3.4 Results and Discussion

3.4.1. Establishing Benchmarks

For benchmarking purposes, six functionals have been tested, where we compared
the calculated Amax to experiment (Table 3.1). B3LYP, PBEO and HSEO06 are all hybrid
Table 3.1. TD-DFT functional test of D5 dye in gas phase and ethanol solution. The table

shows the maximum absorption wavelength (Amax), oscillator strength (f), and the
difference between the calculated and experimental Amax (AL).

Gas Phase Ethanol
Functional Amax (nm) f Amax (nm) f A\ (nm)
Experiment - - 441 - -

B3LYP 534.5 1.11 594.0 1.25 153.0
HSEO06 543.9 1.02 604.4 1.17 163.4
PBEO 510.2 1.24 562.1 1.37 121.1
®B97xD 422.2 1.74 465.0 1.83 24.0
CAM-B3LYP 433.4 1.69 466.5 1.79 25.5
MO6-HF 386.5 1.72 409.6 1.80 -31.4

functionals, while ®B97xD, CAM-B3LYP and M06-HF are long-range corrected DFT
hybrids. The experimentally measured Amax of the D5 dye in ethanol is 441 nm and the
experimental spectrum is shown in Figure 3.2.!'? The hybrid functionals perform poorly in
ethanol, being off from the experimental Amax by over 120 nm when in solution (similar
trends are present in gas phase; all peaks are red-shifted when accounting for solvation
effects). The long-range corrected functionals predict Amax to be much closer to experiment.
MO6-HF produces acceptable results when paired with a solvation model, only being off
the experimental value by 31.4 nm. The best functional in ethanol using the SMD solvation
model is ®B97xD, which predicts Amax to be 24.0 nm from the experimental value. Based

on these findings, the combination of ®B97xD and SMD will be used for further TD-DFT
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calculations. Additionally, this functional has been shown to produce accurate results for

the spectroscopic properties of D-n-A dyes.'!3 128
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Figure 3.2. Experimental spectrum of the D5 dye in ethanol solution. Reprinted (adapted)
with permission from D.P. Hagberg, J.-H. Yum, H. Lee, F. De Angelis, T. Marinado,
K.M. Karlsson, R. Humphry-Baker, L. Sun, A. Hagfeldt, M. Gritzel, M.K. Nazeeruddin,
Molecular Engineering of Organic Sensitizers for Dye-Sensitized Solar Cell
Applications, Journal of the American Chemical Society, 130 (2008) 6259-6266.
Copyright (2008) American Chemical Society.

3.4.2. Energy Levels After Substitution

Many studies have previously described the effects of altering the donor or acceptor

portions of these sensitizers.!02193 114, 129 However, the n-bridge also plays an important
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role in the overall D-n-A system, and over the last few years, more papers have focused on
modifying that region of the molecule.'3%!3* These accounts have substituted various
conjugated groups into the n-bridge but have not investigated the effect of heteroatom
substitution. For the D5 dye, a thiophene group is used as the m linker between the
triphenylamine donor group and the cyanoacryllic acid acceptor (Fig. 3.1a). Instead of
thiophene, here we substituted different heteroatoms for the sulfur. All heteroaromatic
rings were kept as 5S-membered to most closely mimic thiophene, and hydrogen was added
to the heteroatom as necessary to fill the valence. This method maintains consistency in
the length and rigidity between heterocycles; changes observed can be interpreted as effects
of the heteroatom substitution primarily.

As shown in Table 3.2, upon heteroatom substitution the HOMO energy levels stay
below the electrolyte reduction potential for I3/I" of -4.6 €V in vacuum'3* and -4.8 ¢V in
ethanol,''* verifying the dye can still regenerate the ground state and complete the circuit

Table 3.2. HOMO and LUMO energy levels of heteroatom substituted dyes with An-.
denoting the energy gap between the HOMO and LUMO.

Gas Ethanol

Dye HOMO LUMO AnL HOMO LUMO AnL
(eV) (eV) (eV) (eV) (eV) (eV)

B -5.07 -3.43 1.64 -4.92 -3.35 1.57
C -5.02 -2.62 2.40 -4.86 -2.60 2.27
N -5.00 -2.33 2.67 -4.87 -2.30 2.56
o -5.06 -2.50 2.56 -4.93 -2.53 2.40
P -5.09 -2.76 2.33 -4.92 -2.75 2.17
S -5.11 -2.62 2.48 -4.94 -2.64 2.30
As -5.09 -2.79 2.31 -4.90 -2.73 2.17
Se -5.10 -2.65 2.45 -4.92 -2.63 2.29
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of the cell. The LUMO is most affected by the substitutions, due to the substitution
occurring closer to the acceptor region of the dye. It is important to note that all LUMO
energy levels are above the TiO, conduction band of -4.00 eV;!?7 therefore, electron
injection into TiO; remains favorable throughout the substitutions.

Using the Pauling Electronegativity Scale,!3-13¢ a general trend is observed that as
the electronegativity of the heteroatom increases, the energy gap also increases. This trend
can be observed graphically in Figure 3.3, and the tabular data is in Table 3.3. In ethanol,
the pnictogens follow this trend with nitrogen having the largest gap of 2.56 eV
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Figure 3.3. The HOMO/LUMO energy gap and dipole moment of each species plotted
against the electronegativity of each substituted heteroatom in a) gas and b) ethanol
solution.

and arsenic with the smallest at 2.17 eV. The chalcogens follow this trend as well, with the
energy gap being the largest for oxygen at 2.40 eV and the smallest for selenium at 2.29

eV. However, when going along the second row of the periodic table nitrogen breaks the
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trend. Boron has the smallest of 1.57 eV and oxygen had a gap of 2.40 eV, but nitrogen is
0.16 eV higher than oxygen. This deviation is most likely caused by the strong polar
interaction between hydrogen and nitrogen (Figure 3.4). Unlike with carbon, boron or

Table 3.3. Electronegativity of each heteroatom with the corresponding HOMO/LUMO
gap and dipole moment of each species. Electronegativity determined using the Pauling

Scale.
Gas Phase Ethanol
Dye Electronegativity ~ An.L (eV) u (D) An-L (eV) u (D)
B 2.04 1.64 10.27 1.57 22.83
As 2.18 2.31 8.05 2.17 12.87
P 2.19 2.33 7.73 2.17 12.12
C 2.55 2.40 7.16 2.27 10.92
Se 2.55 2.45 7.35 2.29 10.79
S 2.58 2.48 7.09 2.30 10.58
N 3.04 2.67 5.72 2.56 7.98
0 3.44 2.56 5.61 2.40 8.43

Figure 3.4. NBO charge analysis of the n-bridge after nitrogen and oxygen substitutions.
Nitrogen has a negative charge of -0.520, while oxygen has a charge of -0.453.
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phosphorus, when hydrogen is attached to nitrogen to fill the valence, the larger bond
polarity contributes more to the charge on the heteroatom. This leads to a higher electron

density around nitrogen than oxygen and increases the energy gap of that dye.

3.4.3. Absorption Spectra

Figure 3.5 displays the computed absorption spectra for all the D-n-A dyes in
ethanol and gas phase. Our calculations show the same general appearance as the D5
experimental spectrum (Figure 3.2)''? including some weak excitations at less than ~350
nm and a large peak red-shifted from these features. The most intense peak in the spectra
(430 - 520 nm) corresponds primarily to transitions from HOMO to LUMO (Table 3.4).
These excitations would be effective at moving electron density from donor to acceptor
regions of the molecules. It can be noted that the third and fourth row elements exhibit
wider, more red-shifted bands. The most unique spectrum is from the boron substitution,
which has the smallest HOMO-LUMO gap. We see a broad peak at 942.5 nm, an intense
peak at 446.0 nm, and another absorption at 337.4 nm. All other heteroaromatic
substitutions did not have any peaks above ~520 nm, while the substitution of boron red-
shifted the spectrum by a substantial amount. In this case, the broad feature at 942.5 nm is
dominated by the HOMO to LUMO transition (Table 3.4). This broad peak is attributed to
a delocalized density near B in the LUMO, and a diffuse transition moment from HOMO
to LUMO. The energy gap for the boron species is the smallest among the tested dyes by
0.70 eV.

Although the spectral intensities for the B substituted ring are generally not as
strong as the other dyes, there are two transitions that bring electrons to the acceptor portion

of the dye. However, the longer wavelength feature has a notably decreased LHE compared
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Figure 3.5. UV/Vis spectrum of the dye in a) gas and b) ethanol upon heteroatom

substitutions of elements from row 2 of the periodic table, the pnictogens, and the
chalcogens.
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to other HOMO to LUMO transitions in the dyes (0.73 vs. ~0.98), and there is a dramatic
dip in the AM1.5 solar spectral irradiance at ~950 nm. So while this spectral feature of the
dye may ultimately be beneficial for harnessing NIR photons, we will concentrate on the
global Amax trends in the forthcoming analysis. This is reasonable because the boron peak
Table 3.4. The calculated absorption wavelength (Amax), light harvesting efficiency

(LHE), and the corresponding electronic transitions for each heteroatom substitution in
ethanol. H=HOMO and L = LUMO.

Dye Amax (nm) LHE Assignment

B 9425 0.726 H — L(80.4%) H-1 — L(12.9%) H-1 — L+2(2.6%)

H-1 — L(58.9%) H — L(12.7%) H-2 — L(8.7%) H —
446.0  0.935 L+1(4.9%)H — L+2(4.6%) H-1 — L+1(3.6%) H-9 —
L(2.0%)
502.4  0.979 H — L(79.5%) H-1 — L(14.6%)
4323 0.985 H— L(74.2%) H-1 — L(17.7%) H — L+1(3.3%)
4552 0.979 H— L(74.7%) H-1 — L(17.5%) H — L+1(3.7%)
5122 0.980 H — L(76.9%) H-1 — L(16.9%)
465.0 0987 H— L(74.1%) H-1 — L(17.9%) H — L+1(3.8%)
As  519.6  0.981 H — L(78.8%) H-1 — L(15.15%)
Se  472.1 0987 H-1— L(17.8%)H — L+1(3.2%) H — L(74.7%)

v w O Z 0O

at 446.0 nm gives a LHE of 0.935, which is comparable to the other substitutions and is
only slightly blue-shifted from the original dye. Similarly, the transition at 446.0 nm puts
electrons primarily in the LUMO and LUMO+1 like the others (Table 3.4), and these
orbitals are also localized near the acceptor group of the dye (Figure 3.6). The HOMO for
the boron species is more centralized in the pi-bridge than the donor portion of the dye,
while the HOMO-1 has more density on the donor group phenyl rings. Compared to the

transition at 942.5 nm, the band at 446.0 nm more closely represents the typical donor to
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acceptor intramolecular charge transfer as seen in the other dyes in this study. Therefore,

photovoltaic data obtained from the transition at 446.0 nm for the B species will be used to

HOMO

LUMO

LUMO+I1

Figure 3.6. Molecular orbitals of boron substituted dye. The transition at 942.5nm
involves localization of electrons in the LUMO, while the transition at 446.0nm localizes
electrons primarily in the LUMO and LUMO+1.

compare with the other heteroatom substitutions. From this absorption data, we can now

calculate other photovoltaic properties for each dye, based on the most intense spectral

feature at ~500 nm.
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3.4.4 Photovoltaic Data

Our approach toward predicting the photovoltaic performance of these dye
molecules is to maximize the conversion efficiency, n, via increases in Voc and Jsc (Eq.
1). For this analysis, the dipole moment will be used to represent relative variations in Voc,
and the combination of large LHE and large free energy of injection represents
enhancements in Jsc at a given wavelength. As shown in Tables 3.5 and 3.6 (and Figure
3.3), we observe that as the electronegativity of the substituted heteroatom increases, by
moving across a row or down a column of the periodic table, the dipole moment decreases.
This varies slightly for oxygen in the ethanol solution (Table 3.6), by having a dipole
moment 0.45 D higher than nitrogen. Being in close proximity to the acceptor region, the
character of the heteroatom can notably alter the charge distribution of the dye. As the atom
becomes more electronegative, it will hedge electron density migrating to the carboxylic
group in the acceptor region of the dye by localizing electrons around itself, and thus
decrease the dipole moment. The least electronegative heteroatom, boron, provides the
largest dipole moment for the dye. Other substitutions decrease the dipole moment of the
dye in accordance with atomic electronegativity trends (the O and N ordering is inverted
as discussed above but they have comparable values). Therefore, a relative increase in Voc
is expected as the electronegativity of the heteroatom decreases.

Moving on to LHE and AG™¢¢!, we observe more diffuse trends when going along
the second row of the periodic table. The driving force generally increases from left to
right, and Amax fluctuates between 432 to 502 nm. LHE values are comparable for all except
the B species (discussed previously). Table 3.5 shows clearer trends when moving down

the chalcogens that suggest the dye properties become more favorable for photovoltaic
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systems. Amax red shifts and LHE as well as p increase, while AG™¢* decreases in

magnitude slightly but still remains very favorable. The pnictogens follow a similar trend

Table 3.5. Calculated properties of heteroatom substituted dyes in gas phase. This
includes the excitation energy (Egx), oscillator strength (f), redox potential of the dye in
the ground state (E%°), driving force of injection (AG™°), light harvesting efficiency at

Amax (LHE), maximum absorption wavelength (Amax), and the dipole moment
perpendicular to the semiconductor ().

Dye  Egx (nm) f E¥(eV) AGM'(eV) LHE  Amax(nm) p (D)

Row 2
B 3.09 0.75 5.07 -2.02 0.823 401.6 10.27
C 2.73 1.55 5.02 -1.71 0.972 453.8 7.16
N 3.06 1.68 5.00 -2.06 0.979 404.8 5.72
O 2.39 1.55 5.06 -1.33 0.972 413.5 5.61
Chalcogen
O 2.39 0.99 5.06 -1.33 0.898 519.3 5.61
S 2.94 1.74 5.11 -1.83 0.982 422.2 7.09
Se 2.88 1.50 5.10 -1.78 0.968 431.0 7.35
Pnictogen
3.06 1.68 5.00 -2.06 0.979 404.8 5.72
P 2.70 1.54 5.09 -1.60 0.971 460.0 7.73
As 2.65 1.54 5.09 -1.56 0.971 467.1 8.05

as the chalcogens, except the LHE value generally decreases moving down the column
from N. However, there is a larger difference in the properties between the second and third
row pnictogens when compared to the chalcogens, which can be attributed to the factors
yielding the large band gap for the nitrogen species. Of all the elements being substituted
that utilize additional hydrogens to fill valences, nitrogen forms the most polar bond with
hydrogen, making it an electron density donor to nitrogen. The intramolecular effects of

the polar bond in the n-bridge, coupled with enhanced solvent interactions, are likely the
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origin of the differences in the spectroscopic and photovoltaic properties of the nitrogen
species. For the fourth row elements, Natural Bond Order (NBO) analysis revealed that the
dxy electrons of the fourth row heteroatom, the d-orbital in the plane of the molecule,
delocalize throughout the m-bridge system, thus increasing the ease of electron transfer

through the n-bridge.

Table 3.6. Calculated properties of heteroatom substituted dyes in ethanol solution. This
includes the excitation energy (Egx), oscillator strength (f), redox potential of the dye in
the ground state (E%°), driving force of injection (AG™°), light harvesting efficiency at
Amax (LHE), maximum absorption wavelength (Amax), and the dipole moment
perpendicular to the semiconductor ().

Dye  Egx (nm) f E¥(eV) AGM'(eV) LHE = Amac(nm) p (D)

Row 2
B 2.78 1.19 4.92 -0.40 0.935 446.0 22.83
C 2.47 1.68 4.86 -1.60 0.979 502.4 10.92
N 2.87 1.82 4.87 -2.00 0.985 432.3 7.98
O 2.72 1.67 4.93 -1.79 0.979 455.2 8.43
Chalcogen
O 2.72 1.67 4.93 -1.79 0.979 455.2 8.43
S 2.67 1.88 4.94 -1.72 0.987 465.0 10.58
Se 2.63 1.87 4.92 -1.71 0.987 472.1 10.79
Pnictogen
2.87 1.82 4.87 -2.00 0.985 432.3 7.98
P 2.42 1.71 4.92 -1.50 0.980 512.2 12.12
As 2.39 1.72 4.90 -1.49 0.981 519.6 12.87

This study has demonstrated that substituting other elements into the n-bridge of
these D-m-A organic sensitizers can substantially change the photovoltaic properties. When
comparing the effects from these substitutions, a number of factors should be considered

in the overall assessment. For example, even though the boron species has the largest p, it
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has the smallest AG™*t and LHE, which would lead to the smallest Jsc of the dyes tested.
Most of the factors that affect Voc are tied to the surface properties and the redox
electrolyte, while Jsc is a better measure of dye contributions and is weighted more heavily
here. Nitrogen has the most favorable AG™°¢, but the smallest dipole moment and Amax
values. Selenium could be a potentially better suited heteroatom than sulfur due to it having
a slightly more red-shifted Amax and a larger dipole, without sacrificing its LHE or injection
driving force. If looking for a more abundant heteroatom, phosphorus is attractive due to it
being the most red-shifted and having a large dipole moment, while the LHE is only slightly
smaller compared to sulfur. Larger substituted heteroatoms had, on average, better
photovoltaic properties and our results show introducing these heavier, less
electronegative, heteroatoms into the m-bridge could improve photovoltaic efficiencies.

Utilizing n-bridge systems with multiple heteroatoms could also yield interesting results.

3.4.5 Dyes on TiO: Surface

Once a dye is adsorbed to a surface the orbital densities and their locations will
change. In order to confirm if electron injection occurs, each of the studied dyes were
adsorbed to a (T102)16 surface. Smaller TiO> systems have been shown to be large enough
to model electron injection, so we are comfortable with this TiO; size.!*-140 All of the
surface calculations were done in the gas phase to reduce computation time.

A method commonly used to model if electron injection will occur is to adsorb a
dye to the surface and inspect the HOMO and LUMO orbitals of the neutral ground state
system. However, once an electron is moved, the wavefunction will change, and therefore,
the molecular orbitals will slightly change, so this method is not depicting an accurate

picture for electron injection. It has recently been found that by optimizing the reduced
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system and inspecting the spin density difference between alpha and beta electrons, a more
accurate representation of electron injection can be modeled and quantified.?” 4! The

difference in molecular orbitals between both methods can be seen in Figure 3.7 using the

Neutral

Reduced

Figure 3.7. Representation of electron injection for the neutral and reduced species for the
D5 organic dye on a (Ti02)16 surface. For the neutral system, the left and right signify the
HOMO and LUMO orbitals. For the reduced system, the left and right signify the
HOMO-1 and SOMO orbitals.

56



sulfur heteroatom in the m-bridge. Due to an electron being added to the system, this
reduced system method involves inspecting the HOMO-1 and SOMO (single occupied
molecular orbital) instead of the HOMO and LUMO used for the neutral state method.

Even though there is little difference in the molecular orbital located on the dye molecule,
the density in the surface is slightly different. Using the spin density difference between
the dye and surface, a quantitative value for electron injection can be obtained. Table 3.7
shows the spin density difference between the (Ti02)16 surface and each dye molecule,
while Figure 3.8 shows the SOMO for each dye system studied when adsorbed onto the
(Ti02)16 surface. It is revealed that the suspicions from earlier of the boron substituted dye
not injecting into the surface were confirmed, as there was a negligible amount of density
in the surface. It appears that all heteroatom substituted dye molecules, except boron, had
electrons injections similar to the classical sulfur substituted system, having ~1% less
density in the surface. These results are consistent with the approximation made earlier

using the LHE values to approximate injection efficiency.

Table 3.7. Mulliken spin density difference between the surface and dye molecule and the
totals to signify it correctly adds up to 100%.

Dye Surface Density (%) Dye Density (%) Total (%)
B 0.96 99.04 100.00
C 98.80 1.20 100.00
N 98.90 1.10 100.00
O 98.81 1.19 100.00
P 98.80 1.20 100.00
S 99.51 0.49 100.00
As 98.73 1.27 100.00
Se 98.80 1.20 100.00
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Figure 3.8. The SOMO for the reduced system of each of the studied dye molecules
adsorbed on a (Ti0,)16 surface.
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3.5 Conclusion

Substituting different heteroatoms for the sulfur in the thiophene linker varied the
properties of the sensitizer. In all cases the energy gap decreased, except for the substitution
of oxygen or nitrogen, the two most electronegative atoms in our study. Electron injection
into TiO> was found to be favorable for all substituted systems except boron. However, the
substitution of boron provided the most dramatic results, by increasing the Amax from less
than 530 nm to 942.5 nm. This is attributed to a much smaller gap of the boron-substituted
dye. The oscillator strengths are weaker, and the LUMO orbitals are not heavily localized
on the acceptor portion of the dye, but the transition in the NIR could be further optimized
to access the potential of that region of the solar spectrum. Even though the creation of
dyes that use arsenic is not practical, this study has shown that large heteroatoms have a
positive effect on the photovoltaic properties. Other third or fourth row elements may
further improve the photovoltaic properties of these organic dyes. Future studies should
examine dyes that utilize boron to enhance absorption in the NIR and improve its electron
injection into TiO», potentially as a co-sensitizer, and to further understand the chemical

phenomena associated with its unique spectrum.

3.6 Acknowledgements
This work is supported by the Chemical Sciences, Geosciences, and Biosciences
Division, Office of Basic Energy Sciences, Office of Science, U. S. Department of Energy

under Award Number DE-SC0010212.

59



CHAPTER FOUR
Photovoltaic and Charge Transfer Analysis of Perylene Diimide Dimer Systems
Portions of this chapter are in review at the Journal of Photochemistry and Photobiology
A: Chemistry as: Smith, A. G.; Shuford, K. L., Photovoltaic and Charge Transfer
Analysis of Perylene Diimide Dimer Systems
4.1 Abstract

The dimerization of perylene diimide (PDI) with a bridge separating each monomer
has been of interest recently due to notable increases in device efficiencies. We aim to
further investigate the impact this bridge has on the photovoltaic and charge transfer
properties of an organic photovoltaic using electronic structure methods. Calculations were
performed on a variety of heteroatom substituted bridge units in both fused and unfused
PDI dimers to directly compare with the previously studied thiophene bridge unit. The
systems consist of bridged PDI dimers as an acceptor, coupled with a known polymer
donor. Using Marcus theory, the rates of intermolecular charge recombination (kcr) and
charge transfer (kct) were calculated using the Gibbs free energies, reorganization energy
and electronic coupling for each system. Fused systems exhibit a kcr/ker ratio up to 10°
times higher than unfused systems, decreased reorganization energy, and had more
favorable Gibbs free energies. NICS analysis was also done on the bridge units to
investigate possible connections between aromaticity and photovoltaic properties. Oxygen,
sulfur, selenium and nitrogen were determined to be aromatic for both fused and unfused
systems, while silicon, arsenic, phosphorus and carbon were a mix between non- and anti-

aromatic. Larger heteroatom substitutions, like silicon and phosphorus, have improved
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photovoltaic and Marcus theory parameters, and show potential to perform better than

typical thiophene linkers.

4.2 Introduction

Organic photovoltaics (OSCs) are among a new generation of solar cell
technologies. These devices have grown in popularity due to their low-cost, flexibility, and
simple synthetic process.!*>"'4 Power conversion efficiencies (PCEs) are a primary focus
for OSC research. Recently, efficiencies over 14% have been reached for single junction
cells.’’-38 Thus far, the most efficient OSCs utilize a bulk-heterojunction (BHJ), which is a
blend of donor and acceptor materials throughout the active layer. Most OSCs have been
designed around a fullerene acceptor, which debuted in OSC BHJs in 1995 32 145-146 dye to
efficient charge separation and the ability to transport electrons in three dimensions.
However, fullerenes have many shortcomings, including difficulty in tuning the electronic
properties, high cost of production, and questionable long-term stability.>* 47 This has led
to OSCs made with non-fullerene acceptors to become a subject of interest. Non-fullerene
replacements, such as perylene diimide (PDI),'” have improved stability and easily tuned
molecular energy levels and absorption spectra, while also having a significantly lower
production cost.®* PDI systems suffer from low efficiencies due to aggregation of PDI and
phase separation from the donor polymer due to strong n-n stacking.'*® Nonplanar PDI
molecules were developed to combat this issue by the dimerization of PDI. This has been
done with, and without, a bridge unit and have been studied previously. 149-153

A fused PDI dimer bridged by an ethylene group was synthesized, which improved
charge separation and transfer in BHJ OSCs.!>* This led to the idea of substituting ring

structures to act as bridges. This was done using a single bond connected to the bay region
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of each PDI, or using two bonds and effectively fusing the units together with the bridge.
Typically, the ring system was benzene, but thiophene has gained increased interest.
Substituting different chalcogens into the fused bridge unit to modulate the electronic and
geometric properties was achieved and produced a PCE of 6.72% for the sulfur substituted
system.!3> A majority of bridge units that have been investigated consist of chalcogen rings,
most often thiophene, and conjugated carbon systems.'3>!15¢ To our knowledge, no studies
have investigated the properties of pnictogen-ring species, particularly five membered
rings, as bridge units for PDI dimers, and few have directly compared the properties
between fused and unfused systems.!3 Details regarding the synthesis of the fused and
unfused PDI dimers using chalcogens in the bridge unit have been described by Zhong et
al.!>> This study aims to thoroughly investigate these pnictogen-ring species as bridge units
for these PDI dimers and compare them to the more common chalcogen and carbon-ring
systems.

Typically, the donor molecule is a conjugated polymer system. Recently, polymers
have been extensively researched to optimize the photovoltaic properties.'>” This includes
optimizing molecular energy levels to match a wide variety of acceptors, broadening and
red-shifting the absorption band, and increasing hole mobility.'>® One subunit shown to
improve charge transport efficiencies in polymers is benzo[1,2-b:4,5-b’]dithiophene
(BDT), which is easily tunable, features high hole mobility and can be readily synthesized.
The substitution of 2-alkylthienyl to BDT has helped bring OSC efficiencies to new
heights, being featured in many of the highest performing polymers.'>° One example is
PBDT-TSI1 (Figure 4.1), which is a proven polymer used in high PCE OSC’s and will be

used as the donor molecule for this study. !¢’
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Theoretical calculations play an important role in the field of organic
semiconductors and OSC devices by providing a guideline for the rational synthesis, thus
avoiding expensive trial-and-error attempts. The use of computational methods allows one
to rapidly screen novel molecules and determine the viability in an OSC device.
Throughout the years computational techniques have deepened the understanding of the
mechanisms involved in determining device efficiency and has been at the forefront in the
development of novel donor and acceptor molecules.!!® 161-163

Using an ab initio approach to directly calculate the PCE (=VocJscFF / Pin) of an
OSC is a difficult task. The main factors that contribute to PCE are the short-circuit current
density (Jsc), open-circuit voltage (Voc) and fill factor (FF). There are routes for improving
the contributions to PCE that ab initio methods can readily provide. These include
increasing the energy gap between the highest occupied molecular orbital (HOMO) of the
donor and lowest occupied molecular orbital (LUMO) of the acceptor to increase Voc, and
decreasing the band gap of the donor molecule to more closely match the solar spectrum
and boost Jsc. Furthermore, the LUMO energy difference between donor and acceptor AE .-
L, denoted as the energetic driving force, should be greater than 0.3 eV to overcome
columbic attraction and allow efficient charge separation.'** There are two main processes
at the D/A interface, intermolecular charge transfer (CT) and intermolecular charge
recombination (CR). To improve Jsc, FF, and to increase the effective exciton dissociation,
the rate of charge transfer (kcr) should be as fast as possible. Also, the rate of charge
recombination (kcr) should be kept at a minimum. This can be readily analyzed using the

ratio of the transfer rates for each system (kct/kcr).
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This study aims to provide a comprehensive ab initio analysis of the electronic and
optical properties of PDI dimers, both fused and unfused, with 5-membered ring systems
acting as bridge units. These rings will have one site substituted with various heteroatoms,
which include the pnictogens, chalcogens, carbon and silicon as shown in Figure 4.1.
Firstly, the ground state energies and UV spectra will be calculated for both the fused and
unfused PDI dimers, from which the photovoltaic properties will be calculated. A charge
transfer complex will be built using PDI and PBDT-TS1 to calculate the electronic
coupling. The electronic coupling, reorganization energy and free energies will be
combined to provide a picture for charge transfer and recombination rates via Marcus

theory.

s—R
C
R=CsHy, R1 = octyl R2 = 2-ethylhexyl X=C,S8i,N,P As, O,8, Se

Figure 4.1. Chemical structures of studied systems: A) unfused PDI B) fused PDI and C)
PBDT-TSI1 donor polymer.

4.3 Methods
All optimization and time-dependent calculations are done using DFT and the 6-
31G(d) Pople basis set, which has been shown to yield reliable results for evaluating the

photovoltaic properties of OSC systems.'®* To determine the most appropriate functional
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for this system, both ground and excited state energies were run using several DFT
functionals including B3LYP, HSE06, PBEO, ®B97xD and CAM-B3LYP. All geometry
and time dependent calculations were done in gas phase using the Gaussian09 software
package.!" Geometries from Gaussian09 were then used by the electron transfer module
in NWChem!%’ for the calculation of the electronic coupling (Vag) using both the 6-31G(d)
and 6-31+G(d) basis sets. This was done in order to determine the necessity of diffuse
functions when calculating the electronic coupling. The carbon chains branching off the
imide ends of PDI, shown in Figure 4.1, impact the solubility and active layer morphology

but have little impact on the electronic structure.'®6-167

These are replaced by a methyl
group to ease computational expense.

In determining ket and kcr, the Marcus rate equation was employed:®3

_ | 4 2 (AG +2)?
k= hzxkalvABl exXp (_ 42y T ) (4.1)

ere AG is the Gibbs free energy change, A is the reorganization energy and Vag is the
electronic coupling between the donor and acceptor. T is the temperature, which is set to
298 K, while ky and h are the Boltzmann and Planck constants, respectively. The AG of

charge recombination and charge transfer are expressed as AGcr and AGcr, respectively.

AG is calculated as:!%®

AG =Ep(D) - Ega(A) (4.2)
where Eip(D) is the ionization potential of the donor, and Era(A) is the electron affinity of
the acceptor. These free energy changes are commonly estimated as the difference in

orbital energies,'®® thus for charge recombination, AGcr is taken as the donor HOMO

energy minus the acceptor LUMO. By employing the Rehm-Weller equation, AGcr can be

calculated as:!68-169
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AGCT = -AGCR - AE()_O - Eb (43)

where AEo.o is the donor’s lowest excited state energy (i.e., the excitation energy, Ecxc, from
the donor HOMO to S1). The exciton binding energy, Esy, incorporates the electron-hole
Coulomb attraction and can be estimated as the difference between the electronic and
optical band gaps.’> '’ Another important parameter is AEL.1, the energy difference
between the LUMO’s of the donor and acceptor. A AELL of at approximately 0.3 eV is
considered adequate for efficient electron injection to occur.'”'"'7> These energies are
visualized in Figure 4.2.

The total reorganization energy, A, 1S the energy required to reorganize the nuclei
from the reactant to product geometries without electron transfer occurring and is the
summation of internal (Ain¢) and external (Aexi) reorganization energies. The latter involves
the effect of the surrounding medium, i.e. solvent, while the former pertains to the

geometries of the donor and acceptor and can be evaluated as:!”’

Aine = E(A) - E(A) + E(D) - E(D") (4.4)
where E(A) and E(A") are the energies of the neutral acceptor at the ground-state and
anionic geometries, respectively. E(D) and E(D") are the energies of the cation donor at
the neutral and cation geometries, respectively. The Aex: s difficult to accurately calculate,
but Troisi et al. reported that estimating Acx: within a realistic range would only effect the
rate by a single order of magnitude.'®® Song et al. determined that for large systems Aext
can be approximated as being equal to A and found results that closely follow

experimental values using this assumption. This would make Ar:'7% 173

Mot = Aint T Aext = 2Aing (4.5)

and from now on A will be referred to simply as A.
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Calculating Vag between two molecules in a system has been proven to be an
arduous task. The functional used makes a significant difference, especially the amount of
Hartree-Fock exchange involved;'”* however, the trends tend to remain the same
regardless, as long as the method and functional are kept constant.!”> There are a variety of
methods to calculate Vag, including generalized Mulliken-Hush (GMH), fragment charge

difference

A S Donor
A A
E B
LUMODonor Y
A
AE |
v_ _________ LUMOAcceptor
AE, A A
A0
E
g
Y \/
HOMODGnor
Y
HOMOAcceptor

Figure 4.2. Donor and acceptor energy diagram

(FCD), and what is known as the direct coupling method (DC). For this study the DC
method is used, for it is known to yield reliable results, and has a low computational
cost.!”>177 The NWChem software package includes an electron transfer module, which
utilizes Hartree-Fock to compute Vg using the DC method via a 2-state method developed
by Farazdel et al.:'"®
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-1 1
Vap = (1-Sa5°) [HAB - ESAB (Hpa + HBB)] (4.6)
Where Sap is the overlap integral, Hap the interaction energy, and Haa and Hgp the
energies of reactant and product dimer states, respectively.

Voc is an important parameter in calculating PCE of an OSC, and can be estimated

179

Voc = é (IEtomo (D] - [BLumo (A - 0.3 V 4.7)
where Enomo(D) and Erumo(A) are the HOMO and LUMO energies of the donor and
acceptor, respectively, and e is the elementary charge. The subtraction of 0.3 V is an
empirical factor used to more closely represent experimental results. It stems from energy
losses during charge transport to the electrodes and various interface effects.'>’ This
empirical factor should not be confused with the AEi1 difference of at least 0.3 eV

mentioned previously.
4.4 Results and Discussion

4.4.1 Establishing PDI Benchmarks

Even though there have been studies conducted on testing bridge groups between
PDI units,* to our knowledge there has not been an ab initio study that extensively tested
similar bridges that only vary by a single atom, or directly compare fused and unfused
systems. Using computational techniques, we can test the effects a particular heteroatom
can have on a delocalized system. To ensure accurate analysis of the PDI systems, several
DFT functionals were tested on the ground state of the sulfur substituted system, both fused
and unfused. The molecular orbital energies are shown in Table 4.1, with experimental
values representing the energies of the system as a thin-film.
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The long-range corrected CAM-B3YLP and wB97xD functionals performed the
worst, predicting electronic gaps 2.58 eV and 3.65 eV larger than experiment for the fused
system, and 2.56 eV and 3.62 eV larger for the unfused system, respectively. The hybrid
functionals performed the best, but PBEO could not accurately estimate the HOMO or
LUMO energy, resulting in the electronic gap being off by ~33% for both fused and
unfused systems. B3LYP accurately calculated the HOMO energy being off by only 2.3%
and 1.3% for fused and unfused systems. However, the LUMO calculation was off by 8.5%

and 11.5%, respectively. Even though B3LYP was more accurate in calculating the HOMO

Table 4.1. Functional test on the geometry optimization of PDI systems. E; signifies the
electronic gap between the HOMO and LUMO energy, while AE; is the difference
between E; and the experimental gap. Experimental data is from Ref. [155].

Unfused Fused

Functional HOMO LUMO E; AE; HOMO LUMO E, AEg
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

Experiment -5.95 -4.02 193 - -5.98 3,77 2.21 -
B3LYP -5.87 -3.56 231 0.38 -6.12 -3.45 2.67 0.46
CAM-B3LYP -7.03 -2.54 449 256 -7.23 244 479 258
PBEO -6.11 -3.53  2.58 0.65 -6.38 343 295 0.74
HSEO06 -5.75 -3.87 1.89 -0.04 -6.03 -3.75  2.28 0.07
®B97xD -7.60 -2.05 555 3.62 -7.81 -1.95 586 3.65

energy for the unfused system compared to HSEOQ6, it still had a worse estimation of the
LUMO and electronic gap energies. HSE06 gave both HOMO and LUMO energies within
1% for fused systems and 3.8% for unfused systems, resulting in calculated electronic gaps
being only 0.04 eV and 0.07 eV off from experiment for the unfused and fused system,

respectively. It is important to note that for the calculation of photovoltaic properties, the
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HOMO energy of the acceptor unit is not as pivotal to get correct as the LUMO energy.
This is due to the LUMO energy being involved for the calculation of AEr.1, AGcr and
Voc. Thus for our purposes, HSE06 out-performed the other functionals, including the
popular B3LYP, in both fused and unfused systems.

A functional test was also done on the time-dependent calculations (Table 4.2). The
B3LYP, HSE06, PBEO, ®B97xD and CAM-B3LYP functionals were again tested on the
sulfur substituted system, but this time to test accuracy of maximum absorption, Amax, and

excitation energy of the S; state, Ecxc. It can be seen in Table 4.2 that similar trends can be

Table 4.2. Functional test on the time dependent density functional theory calculations.
Amax 18 the wavelength at the maximum absorbance and Eexc is the energy difference
between the ground and first excited state (S1). The “A” columns show the difference
between tested and experimental values.

Unfused Fused

xmax Axmax ECXC AECXC xmax Axmax ECXC AECXC

Functional =\ “m)  (eV)  (eV) (mm) (nm) (eV) (eV)
Experiment 533 - 1.95 - 474 - 2.22 -
B3LYP 514 <19 1.95  0.00 468 -6 234 0.12
CAM-B3LYP 456 77 246 0.51 406  -68  2.87  0.65
PBEO 502 31 206 0.1 456 -18 247 025
HSE06 508 25 191 -0.04 460  -14 229 007
®B97xD 454 79 251 056 398 76 292 0.70

observed compared to the preceding optimization test, with CAM-B3YLP and ®B97xD
functionals giving the least accurate results, B3LYP and HSE06 being the most accurate,
and PBEO being somewhere between these two groups. Unlike for the molecular orbital

energies, B3LYP and HSE06 gave almost identical results for Amax and Eexc. For the

70



unfused system, B3LYP was slightly more accurate, while for the fused system, B3LYP
had a more accurate Amax, and HSEQ06 resulted in a more accurate Ecxc. Due to their results
being so close, the HSE06 functional was chosen for further calculations to keep the

functional consistent throughout ground and excited state calculations.

4.4.2 Excited State Calculations

Even though the primary goal is to have an excited donor state donate an electron
to the acceptor, it is also important to improve absorption capabilities of the acceptor unit.
Having a strong and complimentary absorption with the donor molecule can increase the
photocurrent of the OSC, for without this, the predominant mechanism to generate
photocurrent is a p-type excitation,'®® leading to electron transfer. An absorption band
complimentary to the donor molecule would allow additional photocurrent from n-type
excitations, leading to hole transfer from the acceptor to donor.'3%-182 Table 4.3 shows the
excitation energy to the Si state, Eexc, and the wavelength of the strongest peak, Amax,
calculated using the HSE06 functional. The finer details of the absorption spectra for the
fused and unfused systems can be viewed when on a single axis (Figure 4.3). Band peaks
are marked in Figure 4.3 to indicate which LUMO orbital is involved in the transition. The
absorption spectra of each system on their own axis are shown in Figure 4.4. The excitation
energy generally increased for all systems when moving down each column of the periodic
table, except for the progression from phosphorus to arsenic, and the fused chalcogen
systems. The fused chalcogens exhibit the opposite trend, with Ecxe and Amax decreasing
when moving down the column. For both Eexc and Amax, the pnictogen and carbon group
substitutions had similar percent differences between fused and unfused moieties. For both

groups the Ecxc was ~25% larger in fused systems, and Amax Was ~14% smaller. For the
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Figure 4.3. Absorption spectra for a) fused and b) unfused species. The blue region
signifies the transitions to the LUMO+2 orbital, and the red region indicates the
transitions to the LUMO and LUMO++1 orbitals.
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chalcogens, however, these differences were smaller, being ~19% larger and ~10% smaller

for Ecxc and Amax, respectively.
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Figure 4.4. Absorption spectra of all heteroatom substituted species.

Table 4.3. The S excitation energy and wavelength of the largest peak for PDI systems.

Unfused

Fused

System

Eexc (€V)

Amax (nm)

Eexc (€V)

Amax (nm)

C

1.77
1.87
1.69
1.88
1.87
1.85
1.91
1.92

500
496
492
518
512
498
508
516

2.33
2.39
2.22
2.37
2.37
2.33
2.29
2.26

446
422
476
424
428
464
460
454
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The absorption spectra all exhibit a large red-shifted peak and smaller blue-shifted
peak, sometimes seen more as a shoulder, seen in Figure 4.3. Transition assignments for

each peak are shown in Table 4.4 and Table 4.5, for the unfused and fused systems,

Table 4.4. Electronic transitions corresponding to oscillator strengths for the large red-

shifted peak and smaller blue-shifted peak for unfused systems. Transitions are ordered

from highest to lowest percent composition. The blue-shifted peak is denoted as “Blue
Peak” and “Red Peak” is the red-shifted peak.

System Blue Peak Red Peak

C H— L+2, H—> L+3 H-1 > L+1,H-1 > L
Si H— L+2, H-2 > L+1 H-1 > L+1,H-1 > L

H— L+2, H-2 > L+1 H-1 > L+1,H-1 > L
P H—>L+2,H2—>L H-1 > L+1,H-1 > L
As H—>L+2,H2—>L H-1 > L+1,H > L+1

H— L+2, H-2 > L+1 H-1 > L+1,H-1 > L
S H— L+2, H-2 > L+1 H-1 > L+1,H-1 > L
Se H— L+2, H-2 > L+2 H-1 > L+1,H-1 > L

Table 4.5. Electronic transitions corresponding to oscillator strengths for the large red-
shifted peak and smaller blue-shifted peak for fused systems. Transitions are ordered
from highest to lowest percent composition. The blue-shifted peak is denoted as “Blue
Peak” and “Red Peak” is the red-shifted peak.

System Blue Peak Red Peak

C H— L+2, H-3 —» L+1 H-1 > L, H-1 —» L+1

Si H—-L+2,H2—>L H-2 > L+1, H-1 »> L+1
H-1 > L+2,H-9 > L H-1->L+l,H—>L

P H— L+2, H-3 —» L+1 H-1 > L,H - L+1

As H-3 —» L+1, H-1 > L+2 H-2 > L+1, H-1 »> L+1
H— L+2, H-4 — L+1 H—-L+2,H-1>L

S H-1 > L+2,H-2 > L H-2 -> L, H-1 » L+1

Se H-1 > L+2,H-2 > L H-2 > L, H-1 » L+1
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respectively. The most red-shifted peak for each fused and unfused species consists of
multiple transitions, predominately to the LUMO+1. The smaller blue-shifted peak is
dominated by transitions to the LUMO+2, coming as no surprise seeing as a transition to
the LUMO+2 requires a larger amount of energy. All non-chalcogen substitutions led to
slightly more blue-shifted spectra; however, they have a broadened absorption spectrum
compared to chalcogen systems, which could prove beneficial. They could compliment the
more red-shifted donor molecule spectrum instead of competing for the same energies of

the solar spectrum.

4.4.3 Molecular Orbital Analysis
Table 4.6 shows the molecular orbital energy levels and electronic gaps of the fused

and unfused systems after heteroatom substitution. For unfused systems, the HOMO

Table 4.6. Molecular orbital energy levels and electronic gap of PDI systems.

Unfused Fused

HOMO LUMO E, LUMO E,

System (eV) (eV) (eV) HOMO (eV) (eV) (eV)
C -5.63 -3.87 1.75 -5.98 -3.70 2.28
Si -5.69 -3.86 1.83 -6.06 -3.68 2.37
N -5.58 -3.87 1.70 -5.90 -3.71 2.18
P -5.69 -3.85 1.85 -6.05 -3.72 2.34
As -5.74 -3.90 1.84 -6.05 -3.70 2.35
O -5.71 -3.86 1.86 -6.07 -3.78 2.29
S -5.75 -3.87 1.89 -6.03 -3.75 2.28
Se -5.77 -3.86 1.90 -5.99 -3.73 2.26

energy decreased and the LUMO remained relatively constant when moving down each
column of the periodic table. This resulted in an increase in the electronic gap when moving
down the column of the periodic table, matching the trend with the excitation energy. For
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the fused systems, a similar trend in the change of the HOMO energy can be seen; however,
the chalcogens reverse the trend. Both the HOMO and LUMO energies increased, which
led to a decrease in the electronic gap when moving down the chalcogens. Also, when the
electronic gap or HOMO energy is compared alongside the Pauling Electronegativity
Scale,!33-13¢ the fused systems follow a linear trend, that as the electronegativity increases,
the electronic gap decreases and HOMO level increases (Figure 4.5). This trend, however,
does not also apply to the unfused systems.

The molecular orbital densities for sulfur substituted fused and unfused systems are
shown in Figure 4.6 and are representative for the other systems in most cases. The HOMO
orbitals for all systems are fairly similar, which explains why there is little variance in their
energies. In fused systems, the LUMO and LUMO+1 are similar to one another, featuring
delocalization throughout the PDI units with some electron density on the bridge. Unfused
species shared the same relationship, however, there was an uneven amount of
delocalization between the PDI units, with one PDI having a larger density than the other
and was flipped between the LUMO and LUMO+1. The LUMO+2 orbitals are the only
ones with a noticeable variance between systems, which can all be viewed in Figure 4.7.
For the unfused systems, the LUMO+2 features a variety of densities, which explain the
variations in the blue-shifted peak of the absorption spectrum (Figure 4.3). These vary from
having substantial density on the bridge unit (Si, P, As), being localized to the bridge and
one of the PDI units (C), or having no density on the bridge at all (N, O, S, Se). If you
observe the strength of the blue-shifted peaks, it can be seen that the largest ones are silicon,
phosphorus and arsenic, which had the largest LUMO+2 electron density on the bridge

unit. Carbon had some density on the bridge unit and a strength right below arsenic. The
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Figure 4.6. Molecular orbitals of sulfur substituted fused (left) and unfused (right)
species.
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Figure 4.7. LUMO+2 orbitals for fused (left) and unfused (right) PDI systems.

78



smallest peaks belong to nitrogen, oxygen, sulfur and selenium, the cases where there was
no density on the bridge. The LUMO+2 is heavily localized in and around the bridge unit
in all fused systems, however, unlike for the unfused systems, there appears to be no trend
to explain the variations in strength of the blue-shifted peak. These groupings continue
when observing the LUMO+2 energies (Table 4.7). The group with the highest density on

Table 4.7. LUMO+1 (L+1) and LUMO+2 (L+2) energies for fused and unfused PDI
systems, followed by the difference in energy with the HOMO.

Unfused Fused
System L+1 L+2 AEu-t+1 AEn-1+2 L+1 L+2 AEu.t11 AEn.L2

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
C -3.70 -2.24 1.92 3.39 -3.53 264 245 3.34
Si -3.71 -2.61 1.98 3.08 -3.59 -2.91 2.47 3.15
N -3.73  -2.25 1.85 3.33 -3.57 -2.23 2.33 3.66
P 371 -2.42 1.98 3.27 -3.60 -2.81 2.45 3.24
As -3.74 -2.46 2.01 3.28 -3.59 -2.80  2.46 3.25
O -3.74  -2.22 1.97 3.49 -3.60 -236 247 3.71
S -3.74  -2.25 2.01 3.50 -3.63 -2.56  2.39 3.47
Se -3.81 -2.24 1.95 3.52 -3.63 -2.60 236 3.39

the bridge unit all had the lowest-lying energies, and the group with no density had the
highest energy levels. All of the non-chalcogen substitutions, except nitrogen, had this
larger blue-shifted band, broadening the overall absorption spectrum. In the cases that a
blue-shifted peak is not readily seen, it is due to stronger, more redshifted transitions to the
LUMO+2, bringing it closer to the red-shifted peak, and less small oscillator strength

transitions involving the deep HOMO electrons.
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4.4.4 Polymer Energies

The molecular orbitals of polymers can be difficult to accurately calculate using ab
initio methods since polymers can be hundreds of units long. However, reasonable
approximations can be made by only calculating an oligomer a few units long. Shown in
Table 4.8 are the molecular orbital energies and electronic gap, along with the experimental

values in thin film, of the PBDT-TS1

Table 4.8. PBDT-TS1 oligomer HOMO/LUMO energy levels and electronic gap, along
with the calculated differences compared to experimental value.

HOMO AHOMO LUMO ALUMO Eg AE,

Chain Length vy (V) V) @) (V) (eV)
Experiment -5.29 - -3.40 - 1.89 -

n=1 5.15 0.14 22.40 100 274 085

n=2 4.94 0.35 22.90 050 204 0.5

n=3 4.89 0.40 3.12 028 178 -0.11

n=4 4.83 0.46 3.17 023 166 -0.23

n=s 485 0.44 3.2 018  1.63 -026

polymer (Figure 4.1).'83 Unit lengths of n=1-5 were optimized using the HSE06 functional
and 6-31G(d) basis set. The HOMO of the n=1 system was the most accurate, while the
LUMO is slowly converging to the experimental value as n increases. The electronic gap
goes from being over-estimated, to under-estimated between chain lengths of two and three
units due to the HOMO diverging from the experimental value. Since there was not one
oligomer length that was accurate for calculating both the HOMO and LUMO energies,
the n=1 polymer will be used for modeling the D/A interface with the PDI dimers due to

having the most accurate HOMO level. For calculations involving the binding energy (Eq.
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3), a value of -0.12 eV was used. This value comes from the difference between the
electronic and optical gaps, as determined from calculations on the n=2 polymer that had
an excitation energy of 2.16 eV and HOMO-LUMO gap of 2.04 eV. When the LUMO
energy level is needed for calculation of AE; .1, the experimental value of -3.40 eV will be

used.

4.4.5 D/A interface

The D/A interface was assembled by placing one side of the PDI dimer parallel to
the donor and up 4.0 A in the z-direction as shown in Figure 4.8. This distance has been
shown to be a reliable starting distance for the D/A interface.'*> Shown in Table 4.9. is the

difference in energy between the LUMO of the donor and LUMO of acceptor, AEL-1, and

Table 4.9. Difference between the LUMO of donor and acceptor, AEr.1, and the Voc of
investigated systems.

Unfused Fused
System AELL (eV) Voc (eV) AELL (eV) Voc (eV)

C 0.47 0.98 0.30 1.15
Si 0.46 0.99 0.28 1.17

0.47 0.98 0.31 1.14
p 0.45 1.00 0.32 1.13
As 0.50 0.95 0.30 1.15
O 0.46 0.99 0.38 1.07
S 0.47 0.98 0.35 1.10
Se 0.46 0.99 0.33 1.12

the Voc for all systems. A AEr.L of at least 0.3 eV is considered adequate to promote
efficient exciton dissociation. All unfused systems had an AEr.. greater than 0.45 eV, while

the fused systems were a lot closer to the 0.3 eV marker, with silicon actually being lower
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Figure 4.8. Orientation of the charge transfer complex along the X, y and z-directions.

The PDI dimer is situated above the center of the donor polymer by 4.0 A. For each view,
the (0) designates the perspective.

at 0.28 eV. For Voc, the calculated value for the unfused and fused sulfur substituted
system were larger than experimental values using a similar donor polymer (PTB7-Th),
with values of 0.88 and 0.94 eV, respectively.'>> Also, similar unfused PDI dimers that
use the sulfur substituted bridge have Voc values of ~0.88 eV when paired with the PBDT-
TS1 polymer.'#*135 The results in Table 4.9 show Voc values >0.1 eV larger than what was
seen in experiment for similar D-A systems using an unfused PDI dimer. This shows that

pairing these PDI dimers with PBDT-TS1 rather than PTB7-Th could lead to larger Voc

values. When comparing the fused and unfused systems, it is readily seen that the fused
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systems had significantly larger Voc values, with the largest being 1.17 eV for silicon. The

largest for the unfused systems was phosphorus at 1.00 eV.

4.4.6 Photovoltaic Properties and Marcus Parameters

Table 4.10 shows AGct, AGcr, and A for both the fused and unfused systems.
According to Marcus theory, as |AG| and A get closer together the rate increases, the
maximum rate being when they are equal. Once their values cross, the Marcus inverted
region is reached, and as |AG| gets further from A, the rate will exponentially decrease. For
all systems, |AGct| was closer to A than |AGcr|, showing favorable charge transfer energies.
The fused systems exhibit improved AGcr and AGcer compared to the unfused systems,
having absolute values further and closer to A, respectively. It can be easily seen that there
is not much variance in A amongst the fused and unfused systems, but it can be noted that
it is consistently lower in the fused cases.

Table 4.10: Photovoltaic variables for investigated systems: Gibbs free energy of charge
recombination (AGcr) and charge transfer (AGcr), and reorganization energy (A).

Unfused Fused
System  AGcr (eV) AGcer(eV) A (eV) AGer (€V)  AGer(eV) A (eV)
C -1.28 -0.76 0.40 -1.45 -0.59 0.37
Si -1.29 -0.75 0.39 -1.47 -0.57 0.37
N -1.28 -0.76 0.41 -1.44 -0.60 0.37
P -1.30 -0.74 0.39 -1.43 -0.61 0.37
As -1.25 -0.79 0.40 -1.45 -0.59 0.37
O -1.29 -0.75 0.39 -1.37 -0.67 0.37
S -1.28 -0.76 0.39 -1.40 -0.64 0.37
Se -1.29 -0.75 0.41 -1.42 -0.62 0.37

83



Electronic couplings were calculated using both the pre- and post-optimized
systems to determine if there is a significant difference between the electronic couplings
and resulting rate constants. Table 4.11 shows the electronic coupling values for the pre-
optimized systems and compares the difference between the 6-31G(d) and 6-31+G(d) basis
sets, while Table 4.12 presents the post-optimization values. It is readily observed that in

Table 4.11. Comparison between the 6-31G(d) and 6-31+G(d) basis sets for calculation

of the electronic coupling (Vag) for the unfused (UF) and fused (F) systems in a pre-
optimized state. The percent difference between each is also shown.

6-31G(d) 6-31+G(d) % Difference
UF Vas F Vas UF Vas F Vas
System (V) (V) (V) (V) UF F

C 5.99E-04  1.39E-03 724E-04  197E-02  1890% 173.76%
Si 1.21E-03  1.20E-02 1.90E-03  8.65E-03  4481% 32.43%

3.12E-04  1.83E-03 3.97E-04  9.11E-03 23989 133.25%
P 5.03E-04  5.28E-03 8.16E-04  1.06E-03  4746% 133.07%
As 1.26E-03  2.19E-02 2.40E-03  128E-04  ¢226% 197.68%
0 1.13E-03  1.83E-03 2.08E-03 9.11E-03  5951% 133.25%
S 6.99E-04  1.16E-02 1.38E-03  1.29E-02  ¢571%  10.78%
Se  3.62E-03  1.11E-02 467E-03  1.58E-02 95380 34.92%

the pre-optimized state, the electronic coupling for fused systems had a much greater
change for each case except for silicon, sulfur, and selenium. The other fused systems saw
their electronic couplings double upon adding diffuse functions. However, all are within
an order of magnitude of each other, except for the fused arsenic system, which increased
by two orders of magnitude upon adding diffuse functions. For the post-optimization state,
there was more uniformity between the basis sets compared to the pre-optimized states,

and all systems changed by no more than a single order of magnitude. When moving down

84



each periodic group, except for the chalcogens, in unfused systems, Vag tends to increase.
A common theme between both pre- and post-optimized systems is that the electronic
coupling increases upon adding diffuse functions.

Table 4.12. Comparison between the 6-31G(d) and 6-31+G(d) basis sets for calculation

of the electronic coupling (Vag) for the unfused (UF) and fused (F) systems in a post-
optimized state. The percent difference between each is also shown.

6-31G(d) 6-31+G(d) % Difference
UF Vag F Vas UF Vag F Vas
System (V) (V) (V) (V) UF F

C 2.88E-04  9.49E-03 6.90E-05  1.32E-02 122.69% 32.61%
Si 1.11E-03  1.70E-03 1.75E-03  3.16E-04 44.28% 137.36%

6.15E-04  3.77E-03 2.99E-04 1.86E-03 69.15%  67.83%
P 6.94E-04  8.35E-04 9.73E-04  1.90E-03 33.47%  77.79%
As 1.09E-03  1.17E-02 1.58E-03  1.53E-02 37.30%  26.77%
O 2.78E-03  3.78E-03 5.15E-03  1.85E-03 50.70%  68.59%
S 1.17E-04  3.44E-03 7.52E-04  3.85E-03 146.14% 11.19%
Se 6.11E-04  1.27E-04 4.92E-03  2.90E-04 155.84% 78.18%

Tables 4.13 and 4.14 show the corresponding transfer rates for charge
recombination (kcr), charge transfer(kcr), and the charge transfer ratio (kct/kcr) for the
pre-optimized systems at the 6-31G(d) and 6-31+G(d), respectively. Tables 4.15 and 4.16
show the same information, but for the post-optimized systems. The main trait noticed is
that no matter what basis set is used, or if it is in the pre- or post-optimized state, the kcr/kcr
ratio remains the same. This is due to the free energies and reorganization energies
remaining the same, and only Vag is being altered. This leads to increases or decreases to
the Vag but since kcr and kcr change together, the ratio remains constant. For future

studies, this phenomenon could be used to save computation time and only use the pre-
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Table 4.13. The rate of charge recombination (kcr), charge transfer (kcr), and charge
transfer ratio (kct/kcr) for the pre-optimized systems using the 6-31G(d) basis set.

Unfused Fused

System  kcr (s) ker (s ket / ker ker (s7) ker (s ket / ker
C 1.06E+02 4.40E+08 4.14E+06 3.02E-03  1.46E+10 4.83E+12

Si 6.82E+01 1.40E+09 2.05E+07 1.23E-01 1.35E+12  1.10E+13

N 3.86E+01 1.22E+08 3.15E+06 1.46E-02 2.24E+10 1.54E+12

P 591E+00 3.39E+08 5.75E+07 1.09E-01 1.79E+11 1.64E+12
As 1.78E+03  1.11E+09  6.24E+05 9.50E-01 3.58E+12 3.76E+12
O 5.19E+01 1.34E+09 2.58E+07 3.01E-01 8.54E+09 2.84E+10

S 3.83E+01 5.01E+08 1.31E+07 3.46E+00 5.79E+11 1.68E+11
Se 3.58E+03 1.99E+10 5.55E+06 1.20E+00 6.41E+11 5.35E+11

Table 4.14. The rate of charge recombination (kcr), charge transfer (kcr), and charge
transfer ratio (kct/kcr) for the pre-optimized systems using the 6-31+G(d) basis set.

Unfused Fused

System  kcr (s7) ker (s ket / ker ker (s7) ker (s ket / ker
C 1.55E+02 6.42E+08 4.14E+06 6.13E-01 2.96E+12 4.83E+12

Si 1.70E+02 3.49E+09 2.05E+07 6.38E-02  7.02E+11 1.10E+13
N 6.25E+01 1.97E+08 3.15E+06 3.63E-01 5.58E+11 1.54E+12

P 1.55E+01 8.93E+08 5.75E+07 439E-03 7.21E+09 1.64E+12
As 6.44E+03 4.02E+09  6.24E+05 3.23E-05 1.22E+08 3.76E+12
O 1.77E+02 4.57E+09 2.58E+07 7.51E+00 2.13E+11 2.84E+10

S 1.50E+02 1.96E+09 1.31E+07 4.29E+00 7.18E+11 1.68E+11

Se 597E+03 3.31E+10 5.55E+06 2.42E+00 1.30E+12 5.35E+11
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Table 4.15. The rate of charge recombination (kcr), charge transfer (kcr), and charge
transfer ratio (kct/kcr) for the post-optimized systems using the 6-31G(d) basis set.

Unfused Fused

System kcr (S'l) ket (S'l) ket / ker kcr (S'l) ket (S'l) ket / ker

C 2.45E+01 1.02E+08 4.14E+06 1.42E-01  6.86E+11 4.83E+12
Si 5.80E+01 1.19E+09 2.05E+07 2.47E-03  2.72E+10 1.10E+13
N 1.50E+02 4.72E+08 3.15E+06 6.20E-02  9.52E+10 1.54E+12
P 1.12E+01  6.46E+08  5.75E+07 2.72E-03  4.47E+09 1.64E+12
As 1.32E+03  8.23E+08 6.24E+05 2.69E-01 1.01E+12 3.76E+12
O 3.17E+02 8.18E+09 2.58E+07 1.29E+00 3.66E+10 2.84E+10
S 1.07E+00 1.40E+07 1.31E+07 3.03E-01 5.08E+10 1.68E+I11
Se 1.02E+02 5.68E+08 5.55E+06 1.57E-04  8.40E+07 5.35E+11

Table 4.16. The rate of charge recombination (kcr), charge transfer (kcr), and charge
transfer ratio (kct/kcr) for the post-optimized systems using the 6-31+G(d) basis set.

Unfused Fused

System kcr (S'l) ket (S'l) ket / ker kcr (S'l) ket (S'l) ket / ker

C 1.41E+00 5.84E+06  4.14E+06 2.74E-01 1.32E+12 4.83E+12
Si 1.43E+02 2.93E+09 2.05E+07 8.51E-05 9.37E+08 1.10E+13
N 3.54E+01 1.12E+08  3.15E+06 1.51E-02  2.32E+10 1.54E+12
P 2.21E+01 1.27E+09 5.75E+07 1.41E-02 2.31E+10 1.64E+12
As 2.81E+03 1.75E+09  6.24E+05 4.61E-01 1.74E+12 3.76E+12
O 1.09E+03 2.80E+10 2.58E+07 3.09E-01 8.75E+09  2.84E+10
S 4.43E+01 5.80E+08 1.31E+07 3.80E-01 6.36E+10 1.68E+11
Se 6.64E+03 3.68E+10 5.55E+06 8.18E-04 4.38E+08 5.35E+11

optimized D-A system. For the rest of this section, however, the post-optimized D-A

system using the 6-31+G(d) basis set will be what is referenced (Table 4.16).
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When directly comparing the fused systems with their unfused counterparts, fused
systems experience a larger Vap and kcr with the donor, except for the selenium, oxygen,
and silicon substitutions. Also, each fused system exhibited a slower kcr compared to its
unfused counterpart. This led to fused systems exhibiting a massive increase in the kct/kcr
ratio, being 10° times higher on average than the unfused counterparts, potentially leading
to major improvements in Jsc, FF and exciton dissociation efficiency.

In fused systems, all the pnictogen and carbon group substitutions had increased
ker/kcr  compared to chalcogens, often resulting from slower rates of charge
recombination. When moving down the periodic group, the rate of charge recombination
tends to increase in unfused species, except when progressing from nitrogen to phosphorus
and oxygen to sulfur. Also, when moving down each column for the unfused systems,
except for the chalcogens, the charge transfer rate tends to increase. A fairly common trend
between both kinds of systems was that the kcr/kcr ratio increased when moving down
each periodic group. However, there some exceptions to this for unfused cases. The
chalcogen substitutions, and the progression from phosphorus to arsenic, which all show
decreases in the kcr/kcr ratio.

The arsenic substituted systems experienced the largest improvement when going
from an unfused to fused state, with the charge recombination rate decreasing by ~10* and
ket/ker ratio increasing by ~107. Silicon had one of the largest kcr/ker ratios in both the
fused and unfused species, the most favorable AGcr and AGcer values, with phosphorus not
far behind. Silicon and phosphorus could prove to be a more suitable heteroatom than the
more common sulfur due to having higher Voc, slower rate of charge recombination and

larger kct/kcr ratio in both systems. Carbon provided improved photovoltaic parameters
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in fused systems compared to the chalcogens by having slower and faster charge
recombination and charge transfer rates, respectively. Benzene has been tested as a bridge
unit in the past,'4? 152 156 but the 5-membered carbon ring, cyclopentadiene, should be

further investigated.

4.4.7 NICS Analysis

An important task of the bridge unit is to provide a channel for the electrons
between the two PDI units. One method that can be used to measure this is a nucleus-
independent chemical shifts (NICS) analysis, which was first introduced by Schleyer et al.
in 1996.'%¢ This analysis involves the measurement of aromaticity of ring systems, and is
widely used in the literature.'3”-1°° The process involves simulating the NMR spectrum of
the molecule, and measuring the NMR shielding tensor of a ghost atom within the ring
system of interest. There are two NICS measurements that are most accepted, the first being
NICS(0)iso which places the ghost atom within the plane of the ring and uses the negative
of the isotropic shield tensor. The other is NICS(1).,, which has the ghost atom situated 1.0
A above the plane of the ring, and uses the negative of the shield tensor for the specific
direction the ghost atom is from the plane, which is usually the z-direction. The NICS(1),,
is a common measurement to use due to it measuring the shielding created by m-electrons
in the ring. The larger the shielding, the more n-density there is in the ring, and therefore,
greater aromaticity. The value of 1.0 A was found, on average, to be the distance for the
max shielding for ring systems. A system is considered aromatic if the negative of the
shield tensor is a negative number, non-aromatic if it’s close to zero, and anti-aromatic if
it’s positive. All calculations were done at the GIAO-B3LYP/6-311+G(d,p) computational

level using Gaussian09.!'' The bridge unit is then aligned along the x and y-axes so the
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face of the ring is in the z-direction. A property of ghost atoms is that they will not interact
with other atoms, so the NICS(0)iso and NICS(1),, can be measured simultaneously, as

illustrated in Figure 4.9.

Fused
Z
Y(0) -4
'
Z(0) X

Figure 4.9. Placement of ghost atoms (purple) for the fused and unfused systems. The top
views look down the y-axis and show the distance increase for the ghost atoms in the z-
direction. Bottom views look down the z-axis.

The distance of 1.0 A has been mainly determined using systems like benzene, in
other words, ring systems entirely made of carbon. The ring systems investigated here
utilize heteroatoms larger than carbon, and so it is prudent to scan several distances to
determine which one provides the maximum NICS,, value. Table 4.17 shows this data in
a tabular form for fused systems between 0.0-3.0 A above the ring of the bridge unit in
increments of 0.1 A. The graphical version of this data is shown in Figure 4.10. Tabular

NICS,, data for unfused PDI systems is in Table 4.18, while the graphical representation

is shown in Figure 4.11.
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Figure 4.10. The change in the NICS,, value in fused PDI systems as the distance of the
ghost atom from the plane of the ring increases from 0.00 A to 3.00 A.

There is a clear separation between the aromatic and non- or anti-aromatic systems.
Oxygen, nitrogen, sulfur, and selenium are clearly aromatic, while carbon, silicon,
phosphorus and arsenic are split. Phosphorus and arsenic are very close to zero at 1.00 A,
2.90 and 3.58 ppm, respectively, and even closer at 1.10 A, being at 0.81 and 1.53,
respectively. Carbon and silicon seem to be anti-aromatic, with the former of the two being
closer to non-aromatic, with values of 6.87 and 13.35 ppm, respectively. For the aromatic
systems, nitrogen was the most aromatic by a wide margin, and all the chalcogen species
resulted in aromatic ring systems. Also, for aromatic systems except selenium, the
maximum NICS,, value was at approximately 1.00 A mark mentioned earlier. Oxygen,

nitrogen and sulfur had maximum NICS_, values at 1.30 A, 1.00 A and 1.20 A,
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Table 4.17. NICS,, values for fused PDI systems. Distance represents how far in
angstroms the ghost atom is located from the plane of the ring. Values are in ppm.

Diiglce C Si N p As 0 S Se
0.00 37.78 3695 3.4l 3048 3758  11.85  12.68  18.37
0.10 3721  36.85 255 3072 37.17  11.07 12,05  17.77
0.20 3556 36.13  0.14  30.01 3581 8.87 1023 16.00
0.30 32.94 3482  -339 2840  33.61 5.63 7.46 13.27
0.40 29.57 3295 <747  26.02  30.71 1.83 4.07 9.86
0.50 2569  30.60 -11.54 23.06 2729  -2.03 0.44 6.11
0.60 21.55  27.88  -15.14 1973 2356  -558  -3.10 2.35
0.70 17.41 2491  -1800 1624 1970  -857  -629  -1.19
0.80 1345  21.81 -20.03 12,79 1591 -1090 -8.97  -4.32
0.90 9.83 1872 2125  9.54 1231 -12.57  -11.08  -6.93
1.00 6.63 1574 2177 6.59 9.02  -13.66 -12.62  -9.01
1.10 3.88 1295  -21.74  4.01 6.10  -1426 -13.65 -10.56
1.20 1.59 1040  -21.31  1.80 3.57  -14.48  -1423  -11.65
1.30 -0.30 8.12  -20.59  -0.04 142 -1442  -1447 -12.35
1.40 -1.81 6.11  -1971  -154  -035 -14.16 -1443 -12.72
1.50 -3.02 436  -1874  -273  -1.80  -13.78  -1421 -12.85
1.60 -3.96 286  -17.74  -3.68  -296  -13.33  -13.85 -12.79
1.70 -4.68 158  -16.76  -441  -3.89  -12.84 -13.41 -12.59
1.80 -5.23 049  -1581 -497  -460 -12.34 -12.92 -12.30
1.90 565 -042  -1492 538 =516 -11.85 -12.42 -11.96
2.00 595 -1.19  -1410 -5.68  -5.57  -11.38 -1191 -11.58
2.10 -6.17  -1.83  -13.34 589  -588  -10.93 -11.41 -11.18
2.20 631 236 -1264 -6.03  -6.10 -10.52 -10.94 -10.78
2.30 -6.40 280  -12.00 -6.12  -624  -10.12 -10.48 -10.38
2.40 -6.45 =316  -1143 616  -633 =976  -10.05 -10.00
2.50 -6.47  -345  -1090 -6.17  -638 942 965  -9.63
2.60 -6.45 369 -1042  -6.15  -640  -9.10 928  -9.28
270 642  -388 998  -611  -638  -881  -893  -8.95
2.80 637  -403 958 606 -635 853 860  -8.64
2.90 631 415 921  -6.00  -630  -827  -830  -835
3.00 624  -424 887  -593  -623  -8.03  -8.02  -8.07
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Table 4.18. NICS,, values for unfused PDI systems. Distance represents how far in
angstroms the ghost atom is located from the plane of the ring. Values are in ppm.

Distance (A) C Si N P As ¢} S Se
0.00 19.44  21.48 0.13 12.48 21.85 -0.13 -0.44 3.89
0.10 18.64 21.27 -0.93 12.41  21.80 -0.38 -0.88 3.35
0.20 16.90 20.46 -3.18 11.53  20.90 -2.00 -2.29 1.80
0.30 14.39 19.11 -6.26 9.94 19.22 -4.69 -4.49 -0.56
0.40 11.38 17.32 -9.73 7.79 16.91 -8.01 -7.17 -3.43
0.50 8.13 1520 -13.14 5.30 14.17 -11.47 -10.01 -6.52
0.60 4.90 12.87 -16.15 2.66 11.21 -14.63 -12.72 -9.53
0.70 1.90 10.49  -18.52 0.09 8.23 -17.21  -15.07 -12.23
0.80 -0.74 8.16 -20.15  -2.28 5.39 -19.05 -16.92 -14.46
0.90 -2.92 5.99 -21.06  -4.33 2.80 -20.14  -18.22  -16.15
1.00 -4.64 4.03 -21.32  -6.01 0.56 -20.55  -18.97 -17.30
1.10 -5.91 2.33 -21.05 -7.30 -1.33  -2039 -19.24 -17.93
1.20 -6.79 0.89 -20.38 -824 -2.84 -19.79 -19.09 -18.13
1.30 -7.33 -0.29 -1943  -8.85 -4.02 -1890 -18.63 -17.96
1.40 -7.61 -1.24  -1830 -9.19 -490 -17.80 -17.93 -17.52
1.50 -7.69 -1.99  -17.09 -9.31 -5.52 -16.61 -17.08 -16.88
1.60 -7.62 -2.57  -15.85 -9.27 -5.93 -1538 -16.13 -16.10
1.70 -7.44 -3.00 -1463 -9.10 -6.17 -14.16 -15.15 -15.25
1.80 -7.19 -3.31  -1347 884 -6.28 -13.00 -14.15 -14.35
1.90 -6.90 -3.53 -12.37 -8.52 -6.29  -1191 -13.18 -13.45
2.00 -6.59 -3.67 -11.35 -8.16 -6.22  -10.89 -12.25 -12.57
2.10 -6.26 -3.76  -1042  -7.78 -6.10 -9.97 -11.37  -11.72
2.20 -5.95 -3.79 -9.58 -7.40  -5.94 -9.13 -10.55  -10.92
2.30 -5.64 -3.79 -8.81 -7.03 -5.75 -8.38 -9.79 -10.16
2.40 -5.34 -3.77 -8.13 -6.66 -5.55 -7.70 -9.09 -9.46
2.50 -5.06 -3.72 -7.51 -6.31 -5.34 -7.10 -8.45 -8.81
2.60 -4.80 -3.66 -6.96 -5.98 -5.13 -6.56 -7.87 -8.21
2.70 -4.56 -3.59 -6.47 -5.67 -4.93 -6.08 -7.34 -7.66
2.80 -4.34 -3.51 -6.03 -5.38 -4.73 -5.65 -6.86 -7.16
2.90 -4.14 -3.43 -5.63 -5.10  -4.54 -5.28 -6.42 -6.70
3.00 -3.95 -3.35 -5.28 -4.85 -4.35 -4.94 -6.03 -6.29
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respectively, while selenium had a maximum value at 1.60 A. One observed trend is that
as the heteroatom tends to get larger, such as moving down the chalcogen column from

oxygen to selenium, the distance needed for the maximum NICS,, value get larger.
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Figure 4.11. The change in the NICS,, value in unfused PDI systems as the distance of
the ghost atom from the plane of the ring increases from 0.00 A to 3.00 A.

The unfused systems had similar results with oxygen, nitrogen, sulfur and selenium
being clearly aromatic, and the others being split between non- and anti-aromatic. One
difference in these classifications is arsenic and carbon flipped positions, with carbon now
being closer to phosphorus and being slightly non-aromatic. Also, the aromatic species
have larger NICS_, values compared to the fused systems. Much like for the fused systems,

the 1.00 A distance was close to the max for each aromatic ring, however, this time
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selenium is not considered an outlier. Oxygen, nitrogen and sulfur had maximum NICS_,
values at distances of 1.00, 1.00, and 1.10, respectively, while for selenium the max NICS,,
was at a distance of 1.20 A. Due to both fused and unfused systems having maximum
NICS.. values around the 1.00 A distance, and shallow sloped minima in their peaks, the
conventional NICS(1),, should be referenced for future work.

Up until now all values have been the NICS,,, but the isotropic value (NICS(0);so)
is also considered a valuable NICS value, so Table 4.19 displays the isotropic and
NICS(1),, values for each system. It is important to note that isotropic values are generally
smaller than the ZZ values, however the same principles apply when assessing the
aromaticity. The isotropic values maintained the same aromatic classifications that were
revealed in the NICS,, analysis, however the unfused arsenic system seemed more
aromatic, and the fused phosphorus system is more non-aromatic than anti-aromatic. In
relation to the photovoltaic data for each of these systems, it appears that the aromaticity

of the bridge unit has no effect on the electron transfer rates or kcr/kcr ratio.

Table 4.19. NICS data for unfused and fused PDI systems. NICS(0);so uses the isotropic
shielding value, and NICS(1)., uses the z-direction shielding. Values are in ppm.

Unfused Fused
System NICS(0)iso NICS(1)zz NICS(0)iso NICS(1)zz
C -1.17 -4.64 3.48 6.63
Si 1.91 4.03 5.07 15.74
N -9.89 -21.32 -10.24 -21.77
P -3.98 -6.01 0.50 6.59
As -2.36 0.56 2.46 9.02
0] -8.88 -20.55 -7.00 -13.66
S -11.56 -18.97 -8.44 -12.62
Se -11.53 -17.30 -6.93 -9.01
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4.5 Conclusion

Firstly, this study determined that the HSE06 functional accurately calculates the
ground and excited state energies of PDI dimers. It vastly outperformed B3LYP in
determination of the LUMO and E; energies. This study has demonstrated that for almost
all measured variables, the fused systems outperformed their unfused counterparts. Silicon
is most likely the heteroatom substitution to provide the best PCE. This is due to having a
higher Voc, stronger and more broad absorption peak, and providing one of the fastest
charge transfer rates for both fused and unfused systems. Silicon also has one of the largest
ket/ker ratios for both systems, proving it could effectively perform exciton dissociation.
Compared to the previously studied fused chalcogen systems, all other fused system
substitutions resulted in increased Voc due to an increase in the LUMO energy, while still
maintaining acceptable AEr.L values. They also, on average, feature slower rates of
recombination, and, in most cases, faster rates of charge transfer. This led to larger kcr/kcr
ratios, showing these other substitutions could provide larger Jsc and FF values. More
specifically, this study illuminates the potential other large atoms, such as silicon and
phosphorus, have as heteroatom substitutions in PDI dimers. It was also found that their
was no trend between the aromaticity of the bridge unit, and the photovoltaic properties.
Future studies should test these PDI systems with other donor molecules to see if the trends
continue as the donor molecule changes, and also, investigate multi-substituted
heterocyclic structures and learn if these trends can be enhanced by increasing the number
of heteroatoms. Another area to further investigate would be to compare the NICS values
of the bridge systems with and without being bonded between two PDI units and observe

the change in the NICS values.
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CHAPTER FIVE

Photovoltaic Properties of Multi-Heteroatom Substituted Perylene Diimide Systems

5.1 Abstract

The dimerization of perylene diimde (PDI) with a bridge unit has been of increased
interest due to its improved photovoltaic properties over the traditional monomer PDI.
Previous work has studied the difference between fused and unfused PDI dimers, and how
substituting a different heteroatom into the bridge unit changes the photovoltaic properties.
It was then hypothesized that the introduction of multiple heteroatoms could further change
these properties. This study investigated the effects of substituting two heteroatoms, one
chalcogen and one pnictogen, into the PDI bay-region by the creation of a five-membered
ring. Three different bridge units were also tested, starting with thiophene and then also
testing both a phosphorus and silicon substituted five-membered ring. The most stable
orientation of each PDI unit to the bridge unit was determined to be consistent for each
chalcogen, except selenium. The S+P and S+As heteroatom combinations were non-planar
for each bridge system, while the Se+P combination in the thiophene bridge, and O+N
combination for the phosphorus and silicon-bridged systems, were also non-planar. There
were HOMO energy fluctuations, while the LUMO remained relatively constant, leading
to a consistent decrease in the band gap when moving down the pnictogen column, and an
increase when the heteroatom of the bridge unit increased in atomic number. There was
also broadening of the absorption spectra as atomic number of the bridge heteroatom

decreased. All combinations using oxygen for the silicon-bridged system had very broad
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absorption bands, almost covering the entire visible light spectrum. For the charge transfer
properties, the main trend observed was the kcr/kcr ratio, which increased by a minimum
of about 10%, and in one case 10%. This is mostly attributed to the AG, and therefore, the
HOMO/LUMO energies. Overall, the S+P and S+As heteroatom combinations exhibited

the most promise for photovoltaic applications.

5.2 Introduction

Among the newest generation of solar cells, organic solar cells (OSC) have
emerged and have become popular because of their unique advantages for specific
applications. OSC’s can be created using solution processing of low-cost, environmentally
friendly materials, and are also flexible, lightweight, and semi-transparent.>? Also, time
needed to recover the energy used to fabricate the device, known as energy payback time,
is substantially shorter than conventional silicon-based solar devices.!°! Power conversion
efficiency (PCE) is the main measurement to determine the viability of a solar cell, and is
the primary focus of OSC research. The largest efficiency achieved for an OSC was
achieved in 2018 utilizing a tandem OSC, which utilizes two active layers, and achieved
an efficiency of 15%.5¢

The most efficient OSC devices utilize a bulk-heterojunction (BHJ), which is a
blend of donor and acceptor materials throughout the active layer. Most OSCs have been
designed around a fullerene acceptor, which debuted in 1995, due to efficient charge
separation and the ability to transport electrons in three dimensions.?? 4314 However,
fullerenes have many shortcomings, including difficulty in tuning the electronic properties,
high cost of production, and questionable long-term stability.’* '47 Non-fullerene

replacements, such as perylene diimide (PDI),'” have improved stability and easily tuned
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molecular energy levels and absorption spectra, while also having a significantly lower
production cost.** Early on, OSCs using PDI suffered from low efficiencies due to
aggregation of PDI molecules, and phase separation from the donor polymer due to strong
n-n stacking.'*® Nonplanar PDI molecules were developed to combat this issue by the
dimerization of PDI either with, or without, a bridge unit.%* 149153 These dimerized PDI
systems have had much success as acceptors in OSCs.

Lately, the most efficient OSCs utilize a polymer as the donor molecule, which has
led to them being extensively researched in order optimize their photovoltaic properties.!>’
This research has been primarily focused on optimizing molecular energy levels to match
a wide variety of acceptors, broadening and red-shifting the absorption band, and

increasing hole mobility.'®

One of the polymers seen in high efficiency cells is PBDT-
TS1, and will be used as the donor molecule for this study.'®® This polymer is based on a
benzo[1,2-b:4,5-b’]dithiophene (BDT) backbone. The BDT unit gained traction due to it
being easily tunable, it features high hole mobility, and can be readily synthesized. The
substitution of 2-alkylthienyl to BDT improved the photovoltaic efficiencies, and
eventually led to the PBDT-TS1 polymer.'*°

The use of theoretical calculations has played important role in the field of
photovoltaics. Throughout the years computational techniques have deepened the
understanding of the underlying mechanisms involved that determine device efficiency.
Also, theoretical publications have been at the forefront in the development of novel donor

and acceptor molecules.!'® 161-163 For example, using theory can provide a guideline for the

design of dye molecules, leading to a rational synthesis and thus avoiding expensive trial-
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and-error attempts. Also, using computational methods allows one to rapidly screen dye
molecules and gauge their potential in an OSC.

Unfortunately, a purely ab initio approach cannot be used to accurately calculate
the PCE (=VocJscFF / Pin) of an OSC. There are, however, approximations that can be
made to gauge how the main factors that contribute to PCE (i.e. short-circuit current density
(Jsc), open-circuit voltage (Voc) and fill factor (FF)) are affected by results from ab initio
studies. One approximation for the Voc is the energy gap between the highest occupied
molecular orbital (HOMO) of the donor and lowest occupied molecular orbital (LUMO)
of the acceptor. As the energy gap between these orbitals increases, so does the Voc.
Another approximation is by tuning the band gap of the donor molecule to more closely
match the solar spectrum and boost Jsc. Also, the energetic driving force (AEL-1), which is
the LUMO energy difference between donor and acceptor should be greater than 0.3 eV to
overcome coulombic attraction and allow efficient charge separation.'* The two main
processes at the D/A interface are intermolecular charge transfer (CT) and charge
recombination (CR). To increase the effective exciton dissociation, and also improve Jsc
and FF, the rate of charge transfer (kct) should be as high, while keeping the rate of charge
recombination (kcr) at a minimum. This can be analyzed using a ratio between the charge
transfer and charge recombination rates for each system (kct/kcr).

The aim of this study is to investigate the role that multiple heteroatoms can play
in the photovoltaic properties of PDI dyes. The PDI dimers used here are a hybrid between
the fused and unfused systems studied previously in Chapter Four. A thiophene ring was
used as the bridge unit for all the initial calculations, and then silicon and phosphorus

substituted 5-membered rings were used for further comparisons. These other two ring
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systems were chosen due to their positive characteristics observed in Chapter Four, and
also to compare heteroatoms along the 3™ row of the periodic table. Another 5-membered
ring, this time fused to each PDI unit, was substituted with a pair of different heteroatoms,
with one always being a chalcogen and the other a pnictogen. Figure 5.1 shows the
chemical structure of the PDI dimer being studied. From left to right it shows the cis-
pnictogen (cis-Pn), trans, and cis-chalcogen (cis-Ch) orientations. The X=N and Y=S
system has already been characterized by Shi et al.,'”? but to our knowledge, none of the

other combinations have been studied.
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Figure 5.1. Chemical structures of the multi-heteroatom PDI structures and the n=1
PBDT-TS1 donor polymer.

First, the ground state energies will be calculated for each possible orientation
shown in Figure 5.1 to determine the most stable orientation. Next, the molecular orbital
energies and UV spectra will be calculated, from which the photovoltaic properties will be
determined. A charge transfer complex will then be built using these hybrid PDI dimers

and PBDT-TSI to calculate the electronic coupling. The free energies of charge transfer

102



and charge recombination, along with the reorganization energy, will be calculated to

provide a picture for charge transfer and recombination rates via Marcus theory.

5.3 Methods

All optimization and time-dependent calculations are done using density functional
theory (DFT) and utilized the 6-31G(d) Pople basis set which has been shown to yield
reliable results for evaluating the photovoltaic properties of OSC systems.!®* Even though
similar systems were tested in Chapter Four, the functionals were again tested to verify the
most accurate one is being utilized. This was done by using the B3LYP, HSE06, PBEO,
®B97xD and CAM-B3LYP functionals to calculate the ground state and time-dependent
properties. After these functional tests, the HSE06 functional was determined to be the
most accurate and will be used for the optimization and excited state calculations. All
geometry and time dependent calculations were done in gas phase using the Gaussian09
software package.''” Geometries from Gaussian09 were used in the electron transfer
module of NWChem for calculation of the electronic coupling (Vag) using the 6-31+G(d)
basis set.!®> The carbon chains branching off the imide ends of PDI, shown in Figure 5.1,
are replaced by a methyl group to ease computational expense. The carbon chains impact
the solubility and active layer morphology but have little impact on the electronic
166-167

structure.

In determining ket and kcr, the Marcus rate equation was employed:®3

_ | 4 2 (AG +1)?
k= \IhZXka IVap|"exp (_ 43kyT ) .1

where AG is the Gibbs free energy change, A is the reorganization energy and Vag is the
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electronic coupling between the donor and acceptor. T is the temperature, which is set to
298 K, while ks and h are the Boltzmann and Planck constants, respectively.

The AG of charge recombination and charge transfer are expressed as AGcr and
168

AGcr, respectively. AG is calculated as:

AG =Ep(D) - Egp(A) (5.2)
where Eip(D) is the ionization potential of the donor, and Era(A) is the electron affinity of
the acceptor. These free energy changes are commonly estimated as the difference in
orbital energies,'®® thus for charge recombination, AGcr is taken as the donor HOMO
energy minus the acceptor LUMO. By employing the Rehm-Weller equation, AGcr can be
calculated as:!68-169

AGcr =-AGegr - AE( - Ey (5.3)
where AEo.o is the donor’s lowest excited state energy (i.e., the excitation energy, Ecxc, from
the donor HOMO to S1). The exciton binding energy, Es, incorporates the electron-hole
Coulomb attraction and can be estimated as the difference between the electronic and
optical band gaps.’> '’ Another important parameter is AEL.1, the energy difference
between the LUMO’s of the donor and acceptor. A value of ~0.3 eV is considered sufficient
for efficient electron injection to occur.!”!"172 All of these energies related to the HOMO
and LUMO orbitals of the donor and acceptor are visualized in Figure 5.2.

The reorganization energy (M) is the energy required to reorganize the nuclei from
the reactant to product geometries without electron transfer occurring and is approximated
193

using an adiabatic process:

A= (Eg-E«)+ (E2-E) (5.4)
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Where Ej is energy of the ion in the neutral geometry, E, is the ion in the ionic geometry,

E? is the neutral molecule in its ionic geometry, and E, is the neutral molecule in its neutral
geometry. The A for both the acceptor and donor molecules are calculated and added

together to get a total A for the charge transfer calculations.
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Figure 5.2. Donor and acceptor energy diagram

Voc is an important parameter in calculating PCE of an OSC, and can be estimated

by: 179

Voc = é (IEomoMD)| - [ELumo (A)]) - 0.3 V (5.6)
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where Enomo(D) and Erumo(A) are the HOMO and LUMO energies of the donor and
acceptor, respectively, and e is the elementary charge. The subtraction of 0.3 V is an
empirical factor used to more closely represent experimental results, and stems from energy
losses during charge transport to the electrodes and various interface effects.!'>’ This
empirical factor should not be confused with the AEi.1 difference of at least 0.3 eV
mentioned previously.

When calculating Vap between two molecules in a system, the functional used
makes a significant difference, especially the amount of Hartree-Fock exchange
involved.!” However, the trends tend to remain the same regardless, so different systems
can be compared as long as the method and functional are kept constant.'” One of the
methods used to calculate the Vag is known as the direct coupling method (DC), known to
yield reliable results, and has a low computational cost.'’5'77 The NWChem software
package includes an electron transfer module, which utilizes Hartree-Fock to compute Vag

using the DC method via a 2-state method developed by Farazdel et al.:'”®

-1 1
Vap = (1-Sap’) [HAB - ESAB (Haa + HBB)] (5.5)
Where Sag is the overlap integral, Hap the interaction energy, and Haa and Hgg the

energies of reactant and product dimer states, respectively.
5.4 Results and Discussion

5.4.1 Determination of Most Stable Orientation
There are three possible orientations for the PDI dimer system and can all be related
to the sulfur in the thiophene bridge: with both pnictogens, one pnictogen and one

chalcogen, or both chalcogens on the same side as the sulfur atom. Keep in mind this is a
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single bond between the bridge and each PDI unit, so this can freely rotate between the
three orientations. To further understand the most stable orientation for every pnictogen-
chalcogen combination, each orientation was optimized. Also, using the fact that it’s a
single bond linking the bridge and PDI together, we took the trans-orientation and rotated
each PDI unit 180°, shown in Figure 5.3.

Using the total energy of each system, the most stable orientation for each
combination can be deduced. Table 5.1 shows the AE between the most stable orientation
and the other two possibilities in kcal/mol for the optimized systems. The cis columns
represent that particular atom being cis to the sulfur in thiophene, and trans signifies that

one pnictogen and one chalcogen are cis to the thiophene sulfur.

Table 5.1. AE between each orientation with the more stable version for each pnictogen-
chalcogen combination. Each system utilizes a thiophene bridge between the PDI units.
The dash (-) represents which orientation was the most stable.

Ch + Pn Cis-Ch (kcal/mol) Cis-Pn (kcal/mol) Trans (kcal/mol)
O+N 0.482 0.001 -
O+P 0.102 0.636 -

O+ As 0.458 0.152 -
S+N 2.095 - 0.709
S+P 0.409 - 0.141

S+ As 1.386 - 0.812

Se +N 1.244 - 0.057

Se +P - 0.454 0.311

Se + As - 0.220 0.001

For each chalcogen, except for selenium, the most stable orientation was consistent

for each pnictogen combination, with the trans system most stable for oxygen,
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and cis-Pn for sulfur. The selenium systems were split, with cis-Pn being the most stable
for the nitrogen system, while the cis-Ch configuration was more stable for phosphorus
and arsenic. Shi et al. determined that the cis-Pn orientation was the most stable for the
S+N system, and that the cis-Ch and trans orientations were 2.23 kcal/mol and 0.95
kcal/mol higher in energy, respectively. This is consistent with our results, and the small
differences in energy are most likely due to their study using B3LYP, and ours HSEO06.
Keep in mind that in all these cases, except for S+N, S+As and Se+N, the AE are less than
1.0 kcal/mol, and even the largest AE of 2.095 kcal/mol is not a large energy hurdle
between orientations. Also, between the trans and cis-Pn orientations for O+N, and the
trans and cis-Ch orientations for Se+As, there is only a 0.001 kcal/mol difference. Nearly
identical results are acquired when using the scan function in Gaussian09. The PDI unit is
rotated around the single bond linking it to the bridge unit. Figure 5.3 illustrates this
rotation around the bond, which is done by rotation of the dihedral between the PDI and
bridge unit by 10° increments up to 180°, starting from the trans orientation. Values are
plotted together to form a whole picture of the energy between each orientation. This
system displays clear minima for the total energy, and that these resulting energies are close

to the optimized values found in Table 5.1.

5.4.2 Molecular Orbital Analysis

Table 5.2 shows the HOMO and LUMO energies for each system, while Figure 5.4
illustrates the molecular orbitals for each orientation of the S+N orientations and also
shows the molecular orbitals for each heteroatom combination. Throughout all the
combinations and possible orientations, the LUMO remained somewhat constant. All

possible combinations led to a max difference of ~0.05 eV between orientations. It seems
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that the orientation is a larger factor than the heteroatom combination in determining the
LUMO energy. This is shown by the cis-Ch staying relatively constant, but cis-Pn was
consistently fluctuating. Even though the heteroatoms range from oxygen and nitrogen to
selenium and arsenic, the LUMO energy for the cis-Ch orientation was -3.74 eV for a
majority of the combinations, and only varied by a maximum of 0.02 eV. To a lesser extent,
this same trend can be observed for the trans orientation. The value still hovered around -
3.74 eV, but had a larger range of values than the cis-Ch systems, ranging from -3.71 eV
to -3.76 eV. cis-Pn saw the largest variations, with a maximum difference of 0.10 eV

between the O+P and Se+N combinations.

Table 5.2. HOMO and LUMO molecular orbital energies for each heteroatom
combination and their respective orientations. The asterisk (*) represents which
orientation was the most stable for that combination, which was determined from Table

5.1 above.
HOMO LUMO
Ch + Pn Cis-Ch Cis-Pn Trans Cis-Ch Cis-Pn Trans
(eV) (eV) (eV) (eV) (eV) (eV)
O+N -5.94 -5.95 -5.95% -3.74 -3.73 -3.74%*
O+P -5.60 -5.66 -5.62% -3.74 -3.77 -3.76*
O+ As -5.47 -5.54 -5.49% -3.72 -3.76 -3.75%
S+N -5.94 -5.92% -5.93 -3.74 -3.70* -3.72
S+P -5.67 -5.69% -5.67 -3.74 -3.75% -3.74
S+ As -5.51 -5.55% -5.53 -3.74 -3.74%* -3.74
Se +N -5.92 -5.90%* -5.91 -3.72 -3.67* -3.71
Se +P -5.66* -5.67 -5.66 -3.74% -3.72 -3.73
Se + As -5.49%* -5.51 -5.47 -3.73% -3.74 -3.74

This large range of LUMO energies could be a result of the increased

electronegativity of the pnictogen atom being closer to the bridge unit’s sulfur atom. When
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Figure 5.4. HOMO and LUMO orbitals for a) the S+N combination at each orientation;

b) each heteroatom combination at the most stable orientation; ¢) the thiophene bridged
fused and unfused PDI dimers for comparison.
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moving down the column from nitrogen all the way to arsenic, the LUMO energy became
more negative than the original energy for the combination involving nitrogen. When the
pnictogen is held constant and the chalcogen is changed, the opposite trend is observed,
with the LUMO becoming less negative. This same trend is not observed for the cis-Ch
series, and would not be expected for the trans systems since each heteroatom is cis to the
thiophene sulfur atom. It can also be observed that the most stable orientation for each
system had no effect on the LUMO energy.

Much like the LUMO energies, the HOMO energy levels had little variation
between orientations. However, the O+P and O+As combinations had a maximum energy
difference of 0.06 eV and 0.07 eV, respectively, between the cis-Ch to cis-Pn orientations.
All the other combinations varied by <0.03 eV between orientations. The HOMO energy
levels saw more significant changes between heteroatom combinations. Unlike the cis-Ch
orientation for the LUMO energies staying relatively constant, the HOMO energies were
constantly changing, with a maximum difference of 0.43 eV. In every heteroatom
combination and orientation, as the pnictogen atom got larger, the HOMO was energy was
raised significantly, becoming less negative. The same trend occurred, to a much lesser
extent, when nitrogen was held constant, and the chalcogen was changed. For phosphorus,
the opposite is observed, where the HOMO energy became more negative than the oxygen
system when moving down the chalcogen column.

With the HOMO undergoing large changes in energy, and the LUMO remaining
relatively constant, the band gap also decreases as the pnictogen gets larger, shown by
Table 5.3. Even though the HOMO energy of the acceptor molecule doesn’t have much of

a role for charge transfer between the donor and acceptor, its increase is directly affecting
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the band gap. This consistent change in the band gap shows promise in the idea of tailoring
PDI dimers to have complimentary energies with a variety of donor molecules.
Table 5.3. The HOMO-LUMO energy gap (Eg) for each heteroatom combination and

orientation. The asterisk (*) represents which orientation was the most stable for that
combination, which was determined from Table 5.1.

Ch + Pn Cis-Ch (eV) Cis-Pn (eV) Trans (eV)
O+N 2.20 2.22 2.21%*
O+P 1.86 1.89 1.87*
O+ As 1.75 1.77 1.74%*
S+N 2.20 2.23% 2.21
S+P 1.93 1.94%* 1.93
S+ As 1.77 1.81%* 1.79
Se +N 2.20 2.22% 2.20

Se +P 1.92%* 1.94 1.93

Se + As 1.75% 1.77 1.73

There is little difference in the electron delocalization between the various
heteroatom combinations, even though the molecular orbital energies, and therefore, the
band gaps, are changing. This shows that the energies can be customized to a particular
donor molecule, while still retaining the delocalization normally found in dimerized PDI
systems. Compared to the previously studied fused and unfused PDI dimers, these multiple
heteroatom species maintain the positive characteristics, while also improving on other
properties. Figure 5.4b shows the molecular orbitals for thiophene fused and unfused
systems for comparison, and Figure 5.4c shows all the heteroatom combinations studied
here with the thiophene bridge. The HOMO orbitals for all the heteroatom systems, except
the ones with nitrogen, tend to be localized around the bridge region, however, this is not

an issue, since it is the LUMO orbital that participates in the electron transfer event with
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the donor molecule. Compared to the unfused systems (Figure 5.4b), which these new PDI
dimers closely resemble, the LUMO is delocalized more evenly between each PDI unit,
which is increasing the area which an electron can be injected. Also, the LUMO orbitals
appear to be symmetrical between the two PDI units, unlike the unfused systems which

can have more density on one unit than the other.

5.4.3 Absorption Spectra

Even though the total energies for each orientation are relatively close to each other,
the UV/Vis spectrum should be calculated to identify possible differences. Table 5.4 shows
the Amax values for each combination, organizing them by both constant chalcogen, and

constant pnictogen. Figure 5.5a shows the UV/Vis spectra of all the heteroatom

Table 5.4. The Amax values for each combined heteroatom species with a thiophene
bridge, organized by when the chalcogen or pnictogen is held constant. Amax signifies the
wavelength at the global maximum, and AAmax shows the change in wavelength between

that combination and the heteroatom at the top of its respective column.

Constant Chalcogen Constant Pnictogen
Ch + Pn Amax (Nm) Almax (nm) Pn + Ch Amax (Nm) Almax (nm)
O+N 434 - N+O 434 -
O+P 476 42 N+S 450 16
O+ As 490 56 N + Se 454 20
S+N 450 - P+0O 476 -
S+P 490 40 P+S 490 14
S+ As 508 58 P + Se 518 42
Se+N 454 - As+0O 490 -
Se+P 518 64 As+S 508 18
Se + As 526 72 As + Se 526 36
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Figure 5.5. UV/Vis spectra for a) each orientation of all heteroatom combinations where
the black, green and gold lines represent the cis-Ch, cis-Pn, and trans orientations,
respectively. Panel b) the most stable orientation when holding the specified atom
constant, where the black, orange and blue lines represent the second, third and fourth
row heteroatoms, respectively.
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combinations in each possible orientation, and Figure 5.5b combines the spectra for the
most stable orientations to observe trends within the chalcogens or pnictogens.

In all of the sulfur and selenium combinations, the change in orientation made little
difference in the UV/Vis absorbance, except the selenium and phosphorus showed a slight
difference in the cis-Ch orientation. For all the systems using oxygen, the cis-Ch orientation
resulted in the lower absorbance band compared to the other possibilities, much like the
selenium and phosphorus combination. Even with these few exceptions, the absorbance
spectra for all systems are close enough to consider negligible differences. It is clear
throughout the total energies, molecular orbital energies, and UV/Vis spectra, that the
orientation has little effect on the electronic and optical properties of the dye. From now
on, data for the most stable orientation will be used for future calculations.

The strongest absorptions in Figure 5.5b are from nitrogen combined with either
sulfur or selenium, which both have extinction coefficients of ~100,000 L mol! cm™!, ~25%
larger than most other combinations. The only other combination that exceeded an
extinction coefficient of 80,000 L mol' cm™ was the S+P combination. For each of the
pnictogens, the combination with sulfur had the largest absorption, except for the N+Se
combination, which had a nearly identical absorption to the N+S combination. In the
constant chalcogen cases, the absorption trends downward when moving down the
pnictogens. The only exception is that the O+P combination exhibits increased absorption
compared to the O+N combination. Further inspection reveals that even though only a few
cases have a much higher extinction coefficient, there is significant red-shift occurring. For
both the chalcogens and pnictogens, the UV/Vis spectra red-shifted when moving down

each column.

116



There was a much larger red-shift between the second and third row elements,
except when going from sulfur to selenium when paired with phosphorus or arsenic. Also,
the pnictogens appear to have a larger effect on the red-shifting of Amax. The smallest red-
shift while keeping the chalcogen constant was 40 nm, which was only 2 nm off from the
maximum when the pnictogen remained constant. By utilizing elements from the third row
of the periodic table, the Amax can be red-shifted upwards of 50 nm. This also shows that
by utilizing different heteroatom combinations, the absorption spectrum of an acceptor dye
can be tuned to be complimentary to a donor molecule, thus increasing solar cell efficiency.

Figure 5.6 shows the S+N, O+P, and also the fused and unfused PDI dimers bridged

by thiophene studied in Chapter Four. It is readily observed that these multi-substituted
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Figure 5.6. UV/Vis spectra of the S+N (blue) and O+P (red) heteroatom combinations
bridged by thiophene, along with the fused (green) and unfused (purple) PDI systems also
bridged by thiophene.
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heteroatom species also exhibit significantly stronger UV/Vis absorptions compared to the
previously studied fused and unfused PDI dimers. These combined heteroatom systems
have much larger extinction coefticients, showing that they can be more adept absorbers
in the visible region. The main contributor to the broadness of the absorption spectra of
these multi-substituted systems, is a strong HOMO to LUMO transition. This is unlike the
fused and unfused species previously studied, which were dominated by transitions
originating from, or ending at, the HOMO-1 or LUMO+1, respectively.

Throughout every combination, whether the chalcogen or pnictogen is held
constant, as the heteroatoms increased in size, the Amax red-shifted. Figure 5.7 plots the
atomic size of each heteroatom combination with the corresponding Amax, showing a

positive correlation with a R?=0.67939.
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5.4.4 Planarity Measurements
The planarity of PDI has been an issue affecting solar efficiencies, which is due to
the n-n stacking between PDI units. This led to the use of PDI dimers because of their
tendency to break this planarity, but still retain the molecular orbital delocalization. The
dihedral angles between the bridge unit and PDI units are shown in Table 5.5. Most systems
Table 5.5. Dihedral angles between the thiophene bridge and each PDI unit for all

heteroatom combinations and orientations. The dashes (-) signify the system was planar.
Units are in degrees (°).

Ch + Pn Cis-Ch (°) Cis-Pn (°) Trans (°)
O+N - - ¥
O+P 7.92/7.92 - -k
O+ As -6.32/-6.32 - -k
S+N - ¥ -4.77/ -5.64
S+P - 12.75/12.72* -

S+ As 15.41/15.41 10.83 /10.69* 19.15/-13.65
Se +N -5.46 / -5.45 -k -

Se +P 4.40/-4.73* - 18.79 /-20.05

Se + As -k - -

had completely planar PDI units, while all the S+As orientations had dihedrals >10°. The
two systems with the largest UV/Vis absorptions, S+N and Se+N, only had a small amount
of distortion in their planarity, and it was not for their most stable orientation. Due to the
small energy differences between states, it can be assumed that any of the orientations are
possible, however, the dihedrals are small for the orientations with distortion. Due to their
planarity, it is reasonable to assume they will be plagued by the same problems with other

planar PDI systems.
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The only systems where the most stable orientation had distortion in the planarity
are the S+P, S+As and Se+P combinations. For the O+N and Se+As systems, all of the
orientations were planar, while five other combinations only had one nonplanar orientation.
The S+P and S+As systems both had dihedrals >10° for their most stable orientation, while
Se+P had the largest dihedral of -20.05°, however, it wasn’t for its most stable orientation.
It can also be seen that there is no correlation between the planarity of the system and its
stability. These three systems exhibit decreased band gaps, red-shifted absorption spectra,
and greater distortions in their planarity compared to the already synthesized S+N system.
These three systems also have negligible change in the LUMO energy compared to S+N,
so similar donor molecules can be paired with the dye, and the Voc will be relatively

unchanged, even though other properties have been improved.

5.4.5 Changing the Bridge Unit

The next step was to change the bridge unit for these systems. In previous work,
our results gave evidence that utilizing bridge groups with phosphorus or silicon could
improve OSC efficiencies. The insights gained from Chapter Four on fused and unfused
PDI dimers were then applied to these multiple heteroatom structures, so instead of

thiophene, phosphorus and silicon five-membered rings will be tested as the bridge unit.

5.4.5.1 Determination of most stable orientation. Each PDI dimer using the new
bridge unit were optimized at each of the three possible orientations, similar to the
thiophene bridge. Table 5.6 shows the most stable orientation for each system. Much like
for the thiophene bridge, the oxygen and sulfur systems are consistent on which orientation

is the most stable, however, this time both were determined to be most stable at the cis-Pn
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Table 5.6. AE between each orientation with the more stable version for each pnictogen-
chalcogen combination using a silicon or phosphorus substituted bridge. The dash (-)
represents which orientation was the most stable.

Si P
Ch+P Cis-Ch Cis-Pn Trans Cis-Ch Cis-Pn Trans
(kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol)  (kcal/mol)  (kcal/mol)
O+N 1.325 - 0.821 0.803 - 0.337
O+P 1.327 - 0.672 0.595 - 0.199
O+ As 3.274 - 1.563 2.000 - 0.885
S+N 3.459 - 1.427 2.526 - 1.041
S+P 2.947 - 1.498 1.111 - 0.611
S+ As 5.928 - 3.090 3.122 - 1.572
Se +N 1.660 - 0.461 1.024 - 0.114
Se +P - 0.159 0.001 - 1.228 0.519
Se + As 2.727 - 1.273 0.488 - 0.140

orientation. Also, for the selenium systems, there were two combinations most stable in the
cis-Pn orientation, and one more stable in the cis-Ch orientation, which is the opposite of
the thiophene bridged systems. One thing to note is that there were only three instances
where the AE>1.000 for the thiophene bridged systems, while the phosphorus and silicon
bridged systems had eight and thirteen instances, respectively. Even though these are still
fairly small values, it shows that these systems may be much more decisive in staying at

their most energetically stable orientation.

5.4.5.2. Molecular orbital energies. It was shown in Table 5.2 that there was a
negligible difference in molecular orbital energies between orientations, so the HOMO and
LUMO energies are presented for the most stable orientations in Table 5.7. The same trends
occur as the thiophene bridged system, where the HOMO energy increases as the pnictogen

atom increased in size, and the LUMO remained largely unchanged. It is important to note
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Table 5.7. HOMO and LUMO energies for the most stable orientation of each heteroatom
combination when using a five-membered ring with a phosphorus or silicon heteroatom.
For comparison, the thiophene bridge data is also displayed and is referred to as “S” in

this case.
Si P S

Ch + Pn HOMO LUMO HOMO LUMO HOMO LUMO
(eV) (eV) (eV) (eV) (eV) (eV)
O+N -5.90 -3.83 -5.92 -3.78 -5.95 -3.74
O+P -5.57 -3.85 -5.60 -3.81 -5.62 -3.76
O+ As -5.43 -3.85 -5.47 -3.81 -5.49 -3.75
S+N -5.87 -3.79 -5.88 -3.74 -5.92 -3.70
S+P -5.60 -3.81 -5.63 -3.76 -5.69 -3.75
S+ As -5.46 -3.81 -5.50 -3.76 -5.55 -3.74
Se +N -5.86 -3.79 -5.86 -3.73 -5.90 -3.67
Se+P -5.55 -3.84 -5.62 -3.76 -5.66 -3.74
Se + As -5.42 -3.80 -5.46 -3.75 -5.49 -3.73

that all the combinations except Se+P were most stable in the cis-Pn orientation, which had
the most fluctuation in the thiophene bridged systems. Therefore, this is still consistent
with the thiophene system, and changing the bridge unit between PDI units does not change
these HOMO/LUMO trends. It should also be noted that the silicon and phosphorus-
bridged systems have delocalized systems similar to the thiophene-bridged PDI systems.
It can be assumed that no matter what bridge unit is used, the molecular orbital
delocalization and energy trends will remain.

Table 5.8 shows the band gap (Eg) for each heteroatom combination when using
the phosphorus or silicon ring bridge, while also displaying the band gap for the thiophene

system for comparison. Each of these elements are in the same row of the periodic table,
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Table 5.8. A comparison of the electronic band gap (Eg) for each heteroatom combination
between different bridge units. The thiophene bridge is referred to as “S” in this case.

Ch +Pn Si (eV) P (eV) S (eV)
O+N 2.07 2.14 2.21
O+P 1.72 1.79 1.87
O+ As 1.59 1.66 1.74
S+N 2.08 2.14 2.23
S+P 1.78 1.87 1.94
S+ As 1.64 1.73 1.81
Se +N 2.07 2.13 2.22
Se +P 1.71 1.87 1.92
Se + As 1.61 1.71 1.75

and are ordered 14, 15 and 16, for silicon, phosphorus and sulfur respectively. The columns
in Table 5.8 are ordered in this way as well, and a clear trend is observed. When moving
across the third row of the periodic table, the band gap consistently increases for every
heteroatom combination. The largest change in E; was for the Se+P combination, which
resulted in a 0.21 eV increase when going from the silicon to thiophene bridge. The
increase in Eg when moving from the silicon to phosphorus bridge for the Se+P system was
0.16 eV, and only one other combination had a total increase in E, larger than 0.16 eV. The
average total increase between all heteroatom combinations was 0.16 eV, with the average
increase from silicon to phosphorus, and phosphorus to thiophene, being 0.09 eV and 0.07
eV, respectively. When comparing Table 5.7 to Table 5.8, it is seen that the change in band
gap is due to both an increasing LUMO level, and decreasing HOMO level when moving

along the third row of the periodic table.
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5.4.5.3. Planarity of the system. After investigating the dihedrals for the most stable

orientations of the silicon and phosphorus bridged systems (Table 5.9), it was found that
most of the systems were planar, and that it was fairly consistent between the phosphorus
Table 5.9. Dihedral angles for the silicon and phosphorus bridged systems in their most

stable orientation. Angle is measured between the bridge and PDI units illustrated in
Figure 5.3a. Units are in degrees (°).

Ch + Pn Si (°) P (°)
O+N -2.28/-2.28 7.60/1.08
O+P - -

O+ As - -
S+N - 5.88/-5.87
S+P 5.78 /5.80 18.69 /-18.71
S+ As 3.98/3.97 17.18 /-16.53
Se+N - -

Se+ P - -

Se + As - -

and silicon bridged species. More specifically, all the systems utilizing selenium were
planar for each orientation, and the only combinations where the most stable orientation
was not planar were O+N, S+P and S+As. The S+N system was not planar only for the

phosphorus bridged system.

5.4.5.4. Absorption spectra. Figure 5.8 shows the UV/Vis spectra of the PDI dimers
utilizing these phosphorus and silicon ring bridges. The spectra for the sulfur systems are
also shown for a direct comparison. To no surprise, the same trends observed for the

thiophene systems are observed here for the phosphorus and silicon-bridged systems as
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well. However, the peaks are not as strong for the phosphorus and silicon-bridged systems,

especially for the strong S+N and Se+N peaks seen for the thiophene-bridged systems.
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Figure 5.8. UV/Vis spectra for silicon, phosphorus and thiophene bridged systems. The
thiophene bridge is referred to as “S” in this case.

Table 5.10 shows the Amax values for each heteroatom combination. Another clear
trend can be observed when moving along the third row of the periodic table. When moving
from silicon, to phosphorus, to sulfur, Amax decreases by a significant amount. The largest
difference is 112 nm for the O+As heteroatom combination when going from silicon to
sulfur as the bridge unit. The only other case where the decrease is more than 88 nm is the

Se+P combination which involves a decrease in the Amax by 100 nm.
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Table 5.10. The Amax values for each combined heteroatom species with each bridge unit

studied. The “S” signifies thiophene. Amax 1s the wavelength at the global maximum, and

Almax shows the change in wavelength between that combination and the heteroatom at
the top of its respective column.

Si P S
Ch + Pn Amax Ahmax (nm) Amax Ahmax (nm) Amax Ahmax (nm)
(nm) max (nm) max (nm) max
O+N 506 - 466 - 434 -
O+P 564 58 504 38 476 42
O+ As 602 96 530 64 490 56
S+N 492 - 476 - 450 -
S+P 550 58 512 36 490 40
S+ As 582 90 536 60 508 58
Se+ N 502 - 482 - 454 -
Se +P 618 116 532 50 518 64
Se+As 598 96 554 72 526 72

Both the phosphorus and silicon bridge systems exhibit more broad UV/Vis spectra
compared to sulfur, especially for the combinations using oxygen. For the oxygen
combinations with the silicon bridge, they all have broad and flat peaks. For the O+N
combination, it is maintained for ~100 nm between 450-550 nm. The O+P and O+As
combinations are even more broad, holding a relatively consistent intensity for ~200 nm,
between the range of 500-700 nm. The same characteristics apply to the phosphorus
bridged oxygen combinations, but to not as large of a degree. Even though the O+P and
O+As systems are planar, the O+N system does contain some distortion, so the broad
absorption will add credence to its potential in an actual solar cell. All the combinations
involving sulfur, except for the silicon bridged S+N, have broad absorptions and non-

planar systems, which shows promise toward their solar cell capability.

126



5.4.6 D/A Interface and Charge Transfer Properties

The LUMO energies of these PDI dyes are in the same range as the fused and
unfused systems studied in Chapter 4, therefore the same donor molecule, the PBDT-TS1
polymer (Figure 5.1), will be used for charge transfer calculations. It was determined in
the previous study that even though the electronic coupling values and subsequent transfer
rates are susceptible to whether the system was in a pre- or post-optimized state, the kcr/kcr
ratio remained the same. Therefore, to save computational cost, the transfer rates were
calculated using only the pre-optimized D-A states shown in Figure 5.9. Also, it was shown
that increasing the polymer chain length from n=1-3 did not significantly change results,
so the n=1 chain length of the PBDT-TS1 polymer will be used for the electronic coupling
calculations.

Table 5.11 shows the LUMO-LUMO gap (AEL-L) and open-circuit voltage (Voc)
values for each heteroatom combination and bridge unit. For all but two systems, the AEL-
L values are greater than the approximate 0.30 eV driving force threshold. The two outliers
are the S+N and Se+N systems combined with the thiophene-bridge, which have AEr L
values of 0.30 eV and 0.27 eV, respectively. The silicon and phosphorus bridged systems
both have cases where the AEL1>0.40 eV, however, these LUMO-LUMO gaps are coming
at the price of the Voc. Much like the molecular orbital energies, which these values are
based off, there is a clear trend in the Voc and AEL.1 when moving along the 3™ row of the

periodic table from silicon to sulfur. For every heteroatom combination, the Voc increased,
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Figure 5.9. Donor-Acceptor orientation in the X, y and z-directions. Alongside each view
is an axis, with the (0) designating the perspective.
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Table 5.11. LUMO-LUMO gap (AEL-L) and open-circuit voltage (Voc) for each
heteroatom combination and bridge unit.

Si P S

Ch+Pn AEr1L(eV) Voc (eV) AEL L (eV) Voc (eV) AErLL (eV) Voc (eV)
O+N 0.43 1.02 0.38 1.07 0.34 1.11
O+P 0.45 1.00 0.41 1.04 0.36 1.09
O+ As 0.45 1.00 0.41 1.04 0.35 1.10
S+N 0.39 1.06 0.34 1.11 0.30 1.15
S+P 0.41 1.04 0.36 1.09 0.35 1.10
S+ As 0.41 1.04 0.36 1.09 0.34 1.11
Se +N 0.39 1.06 0.33 1.12 0.27 1.18
Se +P 0.44 1.01 0.36 1.09 0.34 1.11
Se + As 0.40 1.05 0.35 1.10 0.33 1.12

and AEL.L decreased, when going from silicon to phosphorus, and again from phosphorus
to sulfur.

Gibbs energies of charge transfer and recombination, reorganization energy, as well
as the electronic coupling and transfer rates for the thiophene bridged systems are shown
in Table 5.12. The silicon and phosphorus bridged systems are shown in Table 5.13 and
Table 5.14, respectively. For all systems, AGcr is more favorable than AGcr, and
reorganization energies are fairly constant throughout all heteroatom combinations and
bridge units. The reorganization energy is between 0.33-0.37 eV for all systems except the
Se+As combination with the thiophene bridge, which is 0.27 eV.

For the thiophene-bridged systems whose heteroatom combinations involve sulfur
or selenium, the coupling energy and rate of charge recombination increases when moving

down the pnictogen column. The silicon-bridged systems whose heteroatom combinations
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Table 5.12. Photovoltaic and Marcus variables for the thiophene-bridged multi-
heteroatom PDI systems: Gibbs free energy of charge recombination (AGcr) and charge
transfer (AGcr), reorganization energy (1), electronic coupling (Vag), rate of charge
recombination (kcr), charge transfer (kcr), and ket/ker ratio.

AGcr  AGet A

Ch+Pn vy (V) (V)

Vas (V)  ker (s ker (s ker / ker

O+N -141 -063 033 7.57E-03 198E-03 1.29E+11  6.52E+I3
O+P -139 -065 033 267E-04 6.08E-06 9.86E+07 1.62E+13
O+As -140 -0.64 033 1.20E-03 6.11E-05 227E+09  3.72E+13
S+N -145 -059 033 2.00E-05 1.48E-09 1.75E+06  1.18E+15
S+P -1.40  -0.64 0.33 5.13E-04 1.21E-05 4.44E+08  3.66E+13
S+As -141 -0.63 033 8.78E-04 2.02E-05 1.34E+09 6.62E+13
Se+N -148 -0.56 033 1.35E-04 1.79E-08 1.14E+08  6.40E+15
Se+P -141 -0.63 034 192E-03 2.86E-04 9.21E+09  3.23E+13
Se+As -142 -0.62 0.27 2.04E-03 5.97E-10 1.65E+09  2.76E+18

involve selenium also saw an increase in the electronic coupling when moving down the
pnictogen column. The phosphorus-bridged systems whose heteroatom combinations
involve sulfur saw increases in the electronic coupling, rate of charge recombination, and
rate of charge transfer when moving down the pnictogen column. However, the electronic
coupling trend for the phosphorus-bridged systems is miniscule compared to the change
seen in the thiophene and silicon-bridged systems.

To improve solar cell properties like: Jsc, FF, and exciton dissociation, the rate of
charge transfer should be high, and rate of charge recombination kept at a minimum. To
quantify this relation, the ratio of the transfer rates (kct/kcr), can be used. All the systems

exhibited fast rates of charge transfer, and slow rates of recombination, resulting in all
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Table 5.13. Photovoltaic and Marcus variables for the silicon-bridged multi-heteroatom
PDI systems: Gibbs free energy of charge recombination (AGcr) and charge transfer
(AGcr), reorganization energy (), electronic coupling (Vag), rate of charge
recombination (kcr), charge transfer (kcr), and ket/ker ratio.

AGcr  AGer A

ChrPn vy (@v) (V)

Vas (eV)  kcr (s) ker (s1) ker / ker

O+N -1.32 -0.72 036 6.50E-04 1.36E-01 3.56E+08 2.61E+09
O+P -1.30 -0.74 035 6.72E-04 1.22E-01 1.77E+08 1.45E+09
O+As -130 -074 035 6.87E-04 131E-01 1.84E+08 1.41E+09
S+N -1.36 -0.68 036 4.00E-06 1.26E-06 2.86E+04  2.27E+10
S+P -1.34  -0.70 034 136E-03 2.37E-02 1.18E+09  4.98E+10
S+As -1.34 -070 034 1.17E-03 1.78E-02  9.15E+08 5.14E+10
Se+N -136 -0.68 037 4.88E-04 7.24E-02  6.16E+08 8.50E+09
Se +P -1.31  -0.73 035 6.68E-04 1.21E-01 2.10E+08 1.74E+09
Se+As -135 -0.69 034 192E-03 5.72E-02  3.40E+09 5.94E+10

Table 5.14. Photovoltaic and Marcus variables for the phosphorus-bridged multi-
heteroatom PDI systems: Gibbs free energy of charge recombination (AGcr) and charge
transfer (AGcr), reorganization energy (1), electronic coupling (Vag), rate of charge
recombination (kcr), charge transfer (kcr), and ket/ker ratio.

AGcr  AGer A

ChrPn vy V) (V)

Vas (eV)  ker (s ker (s1) ker / ker

O+N -1.37  -0.67 034 1.14E-03 1.65E-03 1.50E+09  9.09E+11
O+P -1.34  -0.70 033 9.30E-05 4.81E-05 4.65E+06  9.68E+10
O+As -134 -070 033 7.29E-04 2.42E-03 3.00E+08 1.24E+11
S+N -1.41  -0.63 034 3.03E-04 1.62E-05 2.09E+08 1.29E+13
S+P -1.39  -0.65 034 4.08E-04 1.52E-04 2.89E+08 1.90E+12
S+As -139 -065 034 6.98E-04 2.94E-04 8.26E+08  2.81E+12
Se+N -142 -062 035 7.21E-04 1.16E-04 1.86E+09 1.61E+13
Se+P  -1.39 -0.65 035 4.84E-04 4.28E-04 5.30E+08 1.24E+12
Se+As -140 -0.64 034 6.67E-04 1.95E-04 9.84E+08  5.05E+12
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ratios being extremely high. A trend is seen that when moving along the 3™ row of the
periodic table, the ratio increased. This is mainly due to the changes in energy to the HOMO

and LUMO, and therefore the AG energies.

5.5 Conclusions

This study has clearly shown that the photovoltaic properties of PDI dimers can be
altered by introducing multiple heteroatoms into the structure. This was done by creating
a five-membered ring utilizing two carbon atoms from the PDI bay-region, and substituting
two atoms of the ring with heteroatoms. The atoms were paired off, and each combination
involved one atom from the chalcogen group, and another from the pnictogen group. The
bridge unit between PDI units was a five-membered ring and was also altered by changing
the heteroatom. The heteroatoms chosen were silicon, phosphorus and sulfur (thiophene),
which are all sequential in the 3™ row of the periodic table and were inspired by our
previous work with PDI dimers. This created a hybrid between the fused and unfused
structures studied earlier in Chapter Four.

The first question that had to be solved was the most stable orientation for each
system, and it was found that for all heteroatom combinations using oxygen or sulfur, the
most stable orientation was consistent for that series. The selenium systems had a mix
between cis-Ch and cis-Pn as the most stable orientation. Among all these stable
orientations, only a few had non-planar structures, which is a vital attribute for PDI systems
in photovoltaics. All systems had non-planar structures for the S+P and S+As heteroatom
combinations, while the Se+P combination in the thiophene system, and O+N combination

for the phosphorus and silicon systems, were also non-planar.
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In all of these cases, the HOMO energies were most affected by the change in
heteroatom combination, while the LUMO remained relatively unchanged between
heteroatom combinations utilizing the same bridge unit. This is most likely due to the
HOMO orbitals being heavily localized to the bridge unit and bay-region of the PDI dimer,
which was the area of these heteroatom substitutions. This led to a consistent decrease in
the HOMO-LUMO band gap when moving down the pnictogen column, and an increase
when the heteroatom of the bridge unit changes from left to right of the 3™ row of the
periodic table. Optical properties saw large changes in the global maximum of the most
red-shifted peak. The trend is drawn from the band gap properties, for example, the smaller
band gaps seen for silicon-bridged systems had the most red-shifted absorption spectra.
Also, the systems utilizing a silicon or phosphorus bridge saw increases in the broadness
of their absorption spectra.

In regard to the charge transfer variables, the main trend observed was the kct/kcr
ratio. Moving along the period of the periodic table, the ratio increased by a minimum of
about 10%, and in one case 108 This is mostly attributed to the AG, and therefore, the
HOMO/LUMO energies. Overall, when accounting for molecular orbital energies,
geometries, optical properties and charge transfer rates, the S+P and S+As combinations
for each system, regardless of the bridge unit used, exhibited the most promise for
photovoltaic applications.

Future work should include studying these combinations but using bridge units
whose heteroatom is part of the 2™ or 4™ row of the periodic table and see if the same
trends are observed. Also, the heteroatom combinations using oxygen should be further

investigated due to their very broad absorption spectra, especially for the silicon and
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phosphorus-bridged systems. Pairing this with the proper donor molecule could cover the

entire visible light and near-IR regions.
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CHAPTER SIX

Conclusion

6.1 Dissertation Overview

The work presented in this dissertation has primarily focused on the fundamental
properties of organic dyes used in DSSC and OSC devices. Even though there has been a
plethora of research done on designing and creating new organic dyes for DSSC and OSC
devices over the last couple of decades, there is still much we do not know. Thiophene has
been the most common bridge unit used in these dyes by a wide margin, but our work has
shown that substituting the sulfur in thiophene for a different heteroatom can provide
improved photovoltaic properties. The work detailed here has shown that by introducing
heteroatoms into the bridge unit of dyes used for DSSC or OSC devices can dramatically
change the properties of the entire system.

In Chapter Three we investigated the n-bridge of the D5 organic dye for a DSSC
device. This bridge is a thiophene ring, and we altered it by substituting the sulfur atom
for: boron, carbon, nitrogen, oxygen, phosphorus, arsenic and selenium. After calculating
all their HOMO/LUMO energies, absorption spectra, and injection efficiencies, we found
that the larger elements, on average, led to improved photovoltaic properties. Adsorbing
the dyes to a (Ti02)16 surface revealed that the boron substituted system, at least for the far
red-shifted peak, would not inject into the surface, however, all other elements showed
nearly full electron injections. Larger elements such as sulfur, phosphorus, selenium and

arsenic reduce the HOMO-LUMO gap, red shift the absorption spectrum, increase the
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dipole moment and are energetically favorable for electron injection. In comparison to the
common thiophene bridge unit, n-bridge systems utilizing selenium or phosphorus could
prove to be more efficient based on our analysis of photovoltaic properties.

Chapter Four involved us looking at the OSC, which involves a very different
mechanic than what is found DSSCs. This also meant investigating a different organic dye.
PDI is a very common organic dye used in OSCs due to the relative ease of tuning its
electronic properties. However, it suffered from low efficiencies due to aggregation
problems, so a dimerized PDI was developed which increased efficiencies tremendously.
The link between each PDI is normally through a bridge unit, which has been done using
a variety of ring systems. Thiophene is a common one, but benzene, and other conjugated
carbon systems have also been synthesized. We applied the same bridge units tested in
Chapter Three, except for the boron ring, to act as a bridge unit for these PDI dimers in
both the fused and unfused variety. We investigated a variety of electronic and optical
properties, as well as the electron transfer and recombination rates using Marcus Theory.

First off, we determined that the HSE(06 functional vastly outperformed the
prevalent B3LYP functional in estimating the molecular orbital energies. We found that
for almost all measured variables, the fused systems outperformed their unfused
counterparts. We also found that there is potential for other large atoms in these bridge
units, such as silicon and phosphorus. Silicon is most likely the heteroatom substitution to
provide the best PCE due to having a higher Voc, stronger and more broad absorption peak,
and providing one of the fastest charge transfer rates for both fused and unfused systems.
Silicon also has one of the largest kct/kcr ratios for both systems, proving it could

effectively perform exciton dissociation. Bridge units utilizing the oxygen, sulfur and
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selenium atoms have already be synthesized and investigated in the literature, but all the
other fused system substitutions resulted in increased Voc, while still maintaining
acceptable AEr.L values. They also tend to feature larger kct/kcr ratios, showing these other
substitutions could provide larger Jsc and FF values.

Our results from Chapter Four led us to wonder what would happen if we
substituted more than one heteroatom into the dimerized PDI system. This was done by
substituting two heteroatoms, one chalcogen and one pnictogen, into the PDI bay-region
by the creation of a five-membered ring. Also, instead of just thiophene as the bridge unit,
we investigated the phosphorus and silicon heteroatom ring species as well. This is because
of our conclusions from Chapter Four, which speculated that these ring species could lead
to improved photovoltaic results, and also so three elements in the same row of the periodic
table can be compared.

The most stable orientation of each PDI unit to the bridge unit was determined to
be consistent for systems using oxygen or sulfur, but not selenium. As mentioned
previously, PDI has aggregation issues in BHJ cells due to its planarity, so determining if
these systems are still planar was the first property investigated. Most systems were planar,
but the Se+P combination with the thiophene bridge, the O+N combination with the
phosphorus and silicon-bridged systems, and the S+P and S+As heteroatom combinations
with every bridge system were non-planar. The HOMO energies fluctuated leading to a
consistent decrease in the band gap when moving down the pnictogen column, as well as
an increase in the band gap when the heteroatom of the bridge unit increased in atomic

number. There was also broadening of the absorption spectra when moving from right to
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left in the 3" row of the periodic table. Overall, the S+P and S+As heteroatom combinations
exhibited the most promise for photovoltaic applications.

The key takeaway from this research is that n-bridge ring structures utilizing one
or more heteroatoms have the potential to vastly improve both DSSC and OSC efficiencies.
Rings utilizing sulfur are currently the most prevalent in organic dyes, but other
heteroatoms have been shown here to drastically improve the photovoltaic properties.
Heteroatoms from the third and fourth rows of the periodic table have shown improved
photovoltaic properties, such as HOMO and LUMO energies, red-shifted absorption
spectra, and kct/kcr ratios. Also, the introduction of multiple heteroatoms for use in an

OSC device produced interesting results, especially regarding the absorption properties.

6.2. Future Directions

The future of DSSC and OSC devices is a bright one. These cells are still in their
infancy compared to the popular c-Si cells and there is a lot of promise in these devices.
The fact these devices are thin, flexible and cheap, has kept the interest of scientists since
their conception, and the constant increases in efficiency each year has kept these cells in
the discussion for commercial purposes. Even though they have been heavily researched
and published for a couple decades, there are still new technologies and cell designs
emerging that consistently improve the cell. With the increase in computational power, the
ability for experimentalists to supplement their research with theoretical results has aided
immensely, and theoreticians modeling systems using DFT has helped give

experimentalists direction.
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6.2.1. Future Directions for Dye-Sensitized Solar Cells

For DSSCs the technique of adsorbing multiple dyes onto the TiO; surface has been
gaining a lot of ground lately and shows a lot of promise moving forward.'**!°¢ Recently,
silyl anchors were tested and greatly improved cell efficiencies,?’ so the design of new
anchor groups to bond the dye to the surface should also be further investigated. From a
materials perspective, the investigation of new counter electrodes to replace platinum is on
the rise, and new materials such as metal dichalcogenides have shown a lot of promise.'°’
198 Perovskites have been of considerable interest lately as a replacement to molecular dyes,

and have led to increased cell efficiencies of >20%.199-201

6.2.2. Future Directions for Organic Solar Cells

OSCs currently have more promise than DSSCs due having greater efficiencies,
while also containing less moving parts in the cell, such as no solvent or electrolyte.
Currently, the top performing OSCs utilize a tandem or ternary active layer cell structure
(Figure 6.1),5%202-204 which utilizes more than one active layer or more than a single donor-
acceptor pair, respectively. However, to our knowledge there have been no purely
theoretical studies done on these kinds of systems. It is difficult to model due to the extra
pathways available to an excited electron, but by splitting the overall BHJ system into
smaller parts one can eventually piece together the overall picture of the cell mechanism.

In Chapter Four and Chapter Five the orientation between donor and acceptor, even
when optimized, is not a true representation of the D-A coupled system. To describe the
D-A orientations more accurately, molecular dynamics (MD) should be run to examine the

amount of mixing between donor and acceptor molecules. There are some articles in the
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literature that utilize MD to determine various BHJ properties,?>-2% but very little research

has been done to combine the MD and QM results.??® This coupled approach can

a b

Transparent Substrate (Glass)

Transparent Substrate (Glass)

Hole-Transport Layer (PEDOT:PSS)

Hole-Transport Layer (PEDOT:PSS)

Figure 6.1. Illustration giving examples of organic solar cells using a) tandem or b)
ternary architectures.

lead to accurate representations of the BHJ layer and the D-A interface. Also, current
computational studies cap the polymers at a fairly small chain length,?'%-?!! so using
methods like course-graining would lead to longer chain lengths being calculated.

In the past, these kinds of theoretical studies wouldn’t be possible without the most
state-of-the-art supercomputers, but with the increase in computational power the ability
to model these kinds of systems is now within reason. With the use of computational tools,
the inner workings of the cell can be revealed, and conclusions can be reached that can

ultimately guide the development of these solar devices.
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